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INTRODUCTION

P. SWINGS
Instisus & Astrophysique de Lidge

Au oours des vingt ou trente dernidres anndes, I'étude des
astres du systdme solaire a été fort négligée. Bien sir, elle ne
revétait pas le prestige de certains autres chapitres de 1’ Astronomie,
comme l'étude dee nébuleuses extragalactiques, de la structure
des atmosphéres et intérieurs d’étoiles, de la cosmogonie, de la
radio-astronomie ou des sources d’énergie stellaire.

La situation est en train de se modifier. Grice aux véhioules
spatiaux, nous sommes 3 la veille de découvertes importantes au
sujet de la lune, des plandtes et de leurs satellitee naturels, du
milieu interplanétaire et des cométes. Il est indiapénsable que ce3
expériences spatiales soient préparées avec le maximum d’efficacité,
afin’ que nous puissions en tirer le plus grand profit scientifique.

11 nous a dono paru utile de consacrer notre onziéme collogue
& la physique des plandtes, afin que nous puissions arriver 4 une
mise au point satisfaisante du probléme. Ce projet fut discuté a
Berkeley & I'ocoasion de 1'Assemblée Générale de I'U. A. 1., lors
d’une réunion & laquelle avaient bien voulu assister quelques
oolldgues spécialisée. Il y fut décidé de préciser le sujet et d’éliminer
les satellites (y compris la lune), les astéroides, les cométes, I'espace
interplanétaire, la ocosmogonie, les probldmes biologiques, les
questions d’orbites. Seuls, les problémes physiques relatifs aux
plandtes devaient 8tre envisagés.

Le Professeur M. G. J. Minnaert, Directeur de I'Observatoire
de I'Université d'Utrecht, a bien voulu accepter la présidence de



notre 11¢ Collogue. Pendant toute la préparation, il nous a fait

profiter de ses conseils et avis compétents. C’eat, pour uue large

part, & lui qu'est due la réussite du Colloque. Pendant le Congrée

lui-méme, le Président Minnaert s'est dépensé sans ocompter.

11 termina, d’ailleurs, en beauté en nous résumant, de fagon remar-

quable, les contributions essentielles de la réunion. Qu'il trouve
ici I'expression de notre vive gratitude.

Nous remercions ausei 2ordislement, les auteurs des excellents
rapports intrcciouiifs, MM, R. Wildt, A. Dollfus, C. H. Mayer,
M . van de Hulst et W. Irvine. L’auditoire comprensit les
persor::alités suivantes :

d’Allemagne . W. Lohmann, H. K. Paetzold ;

du Bréeil : R. R. de Frei‘.« Vourso;

du Canada : G. Herzberg ;

du Congo : L. Haser ;

de France : H. Camichel, A. Dollfus, P. Guérin, M. Marin, J. C.
Pecker, J. Réech, G. Wiériok ;

dee Etats-Unis : A. Arking, A. H. Barrett, C. H. Barrow,
R. A. Becker, J. C. Brandt, J. W. Chamberlain, R. E. Danislson,
W. C. De Marcus, J. B. Douglas, G. de Vaucouleurs, L. Dunkel-
man, R. Gallet, 0. K. Garriott, T. Gehrels, J. 8. Goldstein,
R. Hide, P. Hodge, G. R. Huguenin, H. C. Ingrao, M. W. Irvine,
J. B. Irwin, G. P. Kuiper, B. Leason, E. Levinthal,
R. J. Levy, A. J. Masley, C. H. Mayer, D. H. Menzel,
Miss B. Middlehurst, R. F. Mlodnosky, D. Morris, G. W. F. Mul-
ders, R. B. Norton, G. Ohring, J. M. Pasachoff, 8. I. Rasool,
M. S. Roberts, C. Sagan, G. F. Schilling, W. M. Sinton,
A, G. Smith, H. J. Smith, H. Spinrad, H. E. Suess, J. Swensson,
L. Wallace, J. W. Warwick, R. Wildt, D. Williams, A. T. Young.
R. L. Younkin ;

de Grande Bretagne et d'Irlande : R. Beer, E. H. Oollinson, G. Fiel-
der, H. A. Gebbie, J. F. Grainger, J. V. Jelloy, W. H. MoCrea,
E. Opik, B. M. Peek, D. W. N. Stibbe.

. de Gréoe : J. H. Fooas ;

10
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de Hollande : M. G. J. Minnaert, C. J. Schuurmans, H. C. van de
Hulst ;

d’Italie : F. Bertola, G. Demottoni, G. nghini

du Japon : M. Shimizu ;

de Suisee : E. Miescher ;

de Tohécoslovaquie : F. Link ;

d’'U.R.8.8. : M. 8. Bobrov, A. D. Kuzmin, D. Y. Martynov,
V. V. Sharonov.

de Belgique : 8. Arend, Mm¢ D. Bosman-Crespin, A. Boury,
R. P. Courtoy, R. Coutrez, F. Dacos, L. Delbouille, A. Del-
semme, Mte D, Delsemme-Jehoulet, J. Depireux, J. Domman-
get, F. Dossin, R. Duysinx, Mile L, Gausset, O. Godart, N. Gre-
veaso, M'le C, Guillaume, L. Housiaux, J. Humblet, A. Koe-
kelenbergu, P. Ledoux, D. Malaise, M. Migeotte, A. Monfils,
M. Nioolet, F. Remy, Mme L. Remy-Battiau, H. Robe,
Mlie (. Roland, ™. Rosen, M. Ruelle, A. Sauval, Mlie M.-J.
Sequaris, I Swings, R. Zander.

ier dige.. s entre les théoriciens, les expérimentateurs et
ler nbservateucs utilisant des méthodes trés diverses ont été tréde
fructueuses. Nous les avons résumécs comme dans les volumes des
oolloques antérieurs.

C’est & nouveau Madame D. Bosman-Crespin qui, aprée avoir
été la cheville ouvridre de 'organisation du Colloque, s’est chargée
du travail d’éd’iion du présent volume. C'est le neuviéme volume
publié par ses soins. Nous lui exprimons notre vive reconnais-
sancy.

The 11th International AstrSphysinal Symposium was spon-
sored by the University of Lidge and by the Cambridge Research
Laboratories of the Office of Aerospace Research, United States
Air Foroe, through its European Office. We wish to express to them
our most sincere gratitude.
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SECTION 1

THE INTERNAL CONSTITUTION OF THE PLANETS



1. — PLANETARY INTERIORS ; INTRODUCTORY REPORT

Rurxar WILDT
Yale University, U. S. A.

It seems fair to say that astrophysicists, since relegating to
the classical astronomer the gravitational aspects of planetary
astronomy, have been rather indifferent about the Earth as a planst
and its kin, at any rate in so far their internal oconstitution is
concerned. Indeed, what we know of the chemical, thermal, and
magnetic state of the Earth’s interior we owe to the geodesists,
seismologists, and geophysicists, whose strategy has set an example
how to attack analogous problems in studying other planets.

" Nevertheless, among astrophysicists — met for the first time, if I am
not mistaken, to consider the physics of the planets — it is fitting
to introduce the discussion of planetary interiors by glancing at
what the theories of planetary and stellar constitution have in
common, and what sete them apart. The common traits are rooted,
of oourse, in the identity of the primary laws of physics ruling the
mechanical and thermal equilibrium of masses both of stellar and
planetary order of magnitude. Marked differences of secondary
nature are due to the less tractable behavior of matter in the solid
and liquid state, which we presume to be realized throughout the
bulk of planetary matter. Little is known about the properties of
wholly gaseous bodies of planetary size, now under investigation
by Prof. Opik, from whom we shall hear later on. Irrespective of
their relevance to particular planets, such models and more massive
ones, bridging the gap between planets and dark stellar companions,
command interest because they would populate a void in the other-
wise well-charted domain of stellar configurations.

In order to do justice to the precision attained in measuring
the figure and the gravitational potential of some planets, the theory
of rotating bodies had to be carried far beyond what as yet is
required for application to stars. No loss is incurred by here ignoring
these refinements and foousing attention upon the steady-state

15



characteristics of a slowly rotating planet without internal oon-
vection, since the latter will be discuseed by Prof. Kopal. A flow
diagram descending from the expressions for the pressure and
temperature gradient, in the notation familiar from the theory of
stellar interiors, affords a condensed representation of the theore-
tical ooncepts and empirical data singled out for consideration.
Such a graph (Fig. 1) exhibits more clearly than lengthy discourse

PLANE TARY CONSTITUTION
| ]
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M .
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,..___._L_., et \ pd
i . ’*P(:.'T'C) ) n“u'\::lof k['o dimrl!' ¢[’° cmvs“ell
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i 370 p*p(PCl [ phase boundores | opacity
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numerco negration TNJnumen e ntegranon
plongtory models plonetory modsls
i
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fime-dependent $iutions
thermat testory

unsiible planetary configurations
Romeay - Lighthll, Schatzmon, DeMarcus progress of somafication

Fig. 1

many ramifications, the diverging lines of argument, and their
oonfluence. The following remarks will supplement my earlier
review* by pointing to recent advances. The principal ones are
the impressive pertection of the art of experimentation with pres-
sures matching those enoountered deep below the surface of the
planets, and the recognition of radiative transfer as & poesibly

(*) « Planetary Interiorss, pp. 159-312, Vol. III of The Solar System,
G. P. Kuiper, Editor, University of Chicago Press, 1961. No references listed
in the bibliography attached to that chapter will be repeated at the end of

this paper,
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oritical mechanism lowering the internal temperature gradients.
I shall conclude with a simple argument, of the type often called
dimensional analysis, which bears upon the shape of the asteroids.

Mass-Raprus RELATION OF PLANETS

If the dependence on temperature of the equation of state is
80 weak that, in zero-order approximation, it may be neglected,
the equations of hydrostatic and thermal equilibrium become

10 S B A S S R
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Fig. 2
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uncoupled. For any given pressure-density relation p = p (P, C),
where C is a shorthand for the chemical parameters, the equation
of hydrostatio equilibrium can then be integrated numerically. The
resulting mass-radius relation for spherical configurations of solid
pure hydrogen (DeMarous) is shown in Fig. 2 (scale unit of radii
10° cm), which illustrates the existence of a maximum radius for
a oold body, often referred to as Russell’s conjecture ; the terminal

INSTABILITY OF SMALL CORES OF ROTATING PLANETS

) Lighthili{i950) — DeMarcus (1954)

pressure - density relation with single phase transition
p(P), PSP,

#P{ 2 o1 pan, A B)= Ag(P.)

instobdity criterion
- wt .
416‘1'(%;
radkus -mass relation tripie-valued over o finte mass ruiye
mass  M(R) = MRy = M(R,)
rodus R, < R, < R,
totol energy  E(R)) < E(R,) > E{R,)

configuration R, hos core of high prassurs phase, Ry has no core

Fig. 3

point at the upper left side of this graph is the Chandrasekhar limit.
In the hatched ares of Fig. 2 the course of the mass-radius graph
cannot be clearly shown to this scale. In that mass range the
hydrostatic equilibrium has triple-valued solutions. This inde-
terminacy (cf. Fig. 3) is caused by a discontinuity (phase transition)
in the adopted pressure-density relation for solid hydrogen. The
resulting instability of small planetary cores (Ramsey) has been
.1y discuswed in my earlier review. We shall have a report by

18
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Prof. DeMarcus on the mass-radius relstions for configurations
of pure helium and for & mixture of heavier elements, called « Mud »,
which shed some light on the constitution of Uranus and Neptune.
Since the mass-radius graph of helium runs far to the left of that
of hydrogen, on Fig. 2, the location of the image points of Jupiter
and Saturn indicates that these bodies are predominantly composed
of hydrogen.
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PoLYuMoRPEISM OF SoLIDs

The equatior. of state of almost any chemically homogeneous
solid differs strikingly from that of its gaseous form : the density,
as funotion of pressure and temperature, changes discontinuously
across certain P, T-lines that demarcate the fields of thermodynamio
stability of what are called the several phases of the solid. These
have distinot crystal structures and, under extreme pressure,
may even differ in eiectronic excitation. There are also phase tran-
sitions with a discontinuity in the derivative of the density (second-
order transitions)instead of the density itself (first-order transitions).

K
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It is still an open question whether or not progressive pressure
ionization is accompanied by first-order phase transitions, the only
ones capable of engendering the Ramsey type instability of plane-
tary cores. Examples of phase transitions relevant to the state of
the Earth’s mantle are given in Fig. 4 and 5 (McDonald 1962).
An interesting. ease, though of no geophysical consequence, is &
transition in metallic cerium (Fig. 6), where the coexistent phases



belong to the same crystallographic system, but differ in lattice

¥ I ! I i T ! I T T R
18 -
o
16~ O\ ° ‘J
&YV, (4
""' \l- (- -
'\ o
12 —
{¢] 2 l. X -t
0— / -
Xt
6r -
TRANSITION
PRESSURE
4 -
o -
% B 1 | 1 ] L i i 1 i
100 200 300 400 900 &0 %X
&9V, N PERCENT; PRESSURE UNIT 1000 ATMOSPNERES
Fig. ¢

Liqum Prasss ANXD Mziiwa

All phases of & chemically homogeneous solid turn on melting
(s first-order phase transition)into the same liquid phase. Immiscible
liquid phases are known in chemically inhomogeneous systems, but
s0 far have not been encountered among pure substances. Landau
and Zeldovich have mrnelnd that pure liquid metals at high
temperatures, close to the critical point liquid-vapor, might undergo
& transformation into & dielectric liquid phase (of. Fig. 7). Liquid
conductive cores are required in planets for the generation of
magnetio fields, acoording to the dynamo theory. Moreover liquid
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belong to the ssme orystallographic system, but differ in lattice
spacing.

D

TRANSITION
PRESSURE
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100 200 300 400 500 600 %X
A¥V, N PERCENT; PRESSURE UNIT 1000 ATMOSPHERES

Fig. 6
Liquip Prasxs AxD MzimNe

All phases of & chemically homogeneous solid turn on melting
(s first-order phase transition)into the same liquid phase. Immiscible
liquid phases are known in chemically inhomogeneous systems, but
8o far have not been encountered among pure substances. Landau
and Zeldovich have surmised that pure liquid metals at high
temperatures, close to the critical point liquid-vapor, might undergo
a transformation into s dielectric liquid phase (cf. Fig. 7). Liquid
conductive cores are required in planets for the generation of
magnetic fields, according to the dynamo theory. Moreover liquid

21



friction affords a much more efficient mode of dissipation of
rotational energy than solid friction or other mechanisms. Therefore
considerable interest attaches to the variation of the melting
temperature in the deep interior of the planets. Simon’s semi-

L.Londau and J. Zaldovich, Acto-Physicochemics U.R $.S. 18,194(1943)
“On the relation between the liquid and gaseous state of metals”

triviai cgas; the phass boundary dislectric -~ metallic (assumed first-order fronsition
coincides with the equilibrium curve vapor ~iiquid)

T T c
dislecine VOopor, liquid
metallic T solid
. P , P

non - trivigl cgses: o new triple point T, may appeor
1 T
1A L 18 T /
% T
P p
¥ “metolic gas” stoble F " detactric liquid" stoble

Landou - Zeldovich conjecture (case 1B): there exists a non-conducting iquid phose:
at temperatures and pressures above the crifical values a phase tronsition with
discontinucus change of conductivity, volume, efc., takes ploce

Fig. 7

empirical equation (Fig. 3) has been widely used to extrapolate
experimental melting data. Before such were available for iron
(Strong 1959, cf. Fig. 9), guesses at the constant ¢ by Simon, and
Gilvarry, had led to overestimating the melting temperature of
iron at the boundary between mantle and oore of the Earth (about
1.4 x 10* atm, marked on Fig. 9). Moreover, Simons’ formula
assumes & monotonic rise of melting temperature with pressure.
A startling exception is the melting curve of cesium metal (Kennedy
ot al. 1062, of. Fig. 10), which shows two maxima and two cusps.
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PRESSURE DEPENDENCE OF MELTING POINT

Simon's equation Try= To(l+%)'/c
+
Gilvarry's relation from Debye theory of solids ¢ = :::_'2

Griineisen ratio y =~ ;:;—v('g;)p(%s)'r

EXPERIMENTAL TANT TK)  glotm) <

He (Dugdale and Simon 1953) 0.992 16.45 0.992
Hs (DeMarcus 1958) 13.96 242.24 1.83
Fe (Strong 1959) 1805 75000 8
"9 (£5,000) tJ)]
Ni (Strong 1960) 1726 40,000 10
(£5000) (¢1)
Fig. 8
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At the pressures of the latter solid cesium is known to undergo
phase transitions tentatively attributed to changes in the electronio
configuration of the atom, which at zero pressure has an incomplete
inner shell. Another disturbing case is germanium, which lacks an
incomplete inner shell of electrons. The melting temperature of
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$ 200
5 n
o
o i
[
100 Cs _
50 _
] | 1 ] 1 A
0 10 20 30 40 50 60 70
Pressure (Kb)
Fig. 10

this metal continues to decrease up to about 170.000 atm. without
a new solid phase appearing when the melting teraperature begins
to rise again. Under these circumstances, one cannot accept without
some misgivings the drastio extrapolation of the melting curve of
iron. Finally, what remains in doubt is the asymptotic behavior of
the melting curve. Does it terminate in a oritical point?!
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TEMPERATURE GRADIENT AND RADIATIVE TRANSFER

Undoubtedly in stellar interiors the transport of heat by
conduction is negligible beside that by radiation, but it must not
be assumed that the converse regime prevails inside the planets.
Following a suggestion of Preston (1956) on the possibility of
radiative heat transfer in the Earth’s mantle, Clark (1957 a),
Lawson and Jamieson (1958), and Lubimova (1958) have concurred
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Fig. 11

that this mechanism markedly lowers the temperature gradient,
although their numerical results still differ in orders of magnitude.
Accordingly, models of planetary temperature distributions and
their evolution that do not include tho effects of radiative transfer



now stand in need of careful reexamination. Definitive conclusions
cannot be reached until the current estimates of the planetary
opecity (Rosseland mean) have been replaced by reliable figures.
The uncertainty of the index of refraction, whose square appears
" in the expression for the temperature gradient (cf. Fig. 1) by way
of Kirchhoff’s law, probably is not serious. Clark (1957b) measured
at room temperature a fow absorption spectra of silicates pre-
sumably occurring in the Earth’s mantle ; but no corrections for
temperature and pressure are available, and the best one can do is

r T I !
e
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|
E ‘ B TEMPERATURE roln VENUS
| Sl B /”’"““ 17 T e rEeERATURE <5007
| J' ' |
B IR
| 1
o 230 800 7350 1000 ¢80 500 rso
DEPTH (KM)
Fig. 12

to fall back on the classical relation between electrioal conduotivity
and optical absorption ooefficient. Evidently it will be & long time
before the variation of opacity with depth in the planet can properly
be taken into account. For the purpose of preliminary orientation
it may suffice to put xp = oonst throughout the planet, a procedure
adopted by MacDonald (1963 ; N. B. ¢, is used as symbol for the
quantity xp, in the standard notation of the theory of stellar
interiors). He has derived the temperature distributions for
numerous models of terrestrial planets, in which ¢, ranges from
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1000 cm-! to 10-!. Fig. 11, 12 and 13, taken from his work, will
give some idea of how the temperature gradient is reduced by lower-
ing the opacity (the limiting case of infinite opacity corresponds
to ignoring radiative transfer).

Suarz or MINOR Bobpizs

Obviously self-gravitation of a sufficiently small mass cannot
overcome the intrinsic strength of solids. Hence there must be &
minimum size of configurations assuming spherical shape under
their own gravitation. Now, yield or fracture of materials oocurs
under « tension or load of

8 <10°g cm—1se0t.
If this quantity is matched by the weight of a column of unit
croes-section, of density p, and length L,
S=Lpgy, gg=100cmasec?, p>1goem,
the characteristic length is, on Earth,
L <10km.
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Structures exceeding this height, say mountains, would be in

danger of yielding under their own weight. On a planet of radius B
and mean density p the acceleration of surface gravity is

J(R)/gs = R/Ry) (p/pg), py = 5.5 gom~
and the corresponding characteristio length is
8
= R .
L(R) ) < [10 km] (Ry/R) (px/p)
We now ask : what is the critical radius, say R*, for which L(R)
equals the planetary radius R? The numerical result is

R* = [250 km] V. /p,
or, if the mean density of the planet is that of the denser rocks,
R* ~ 400 km,
i. e. the very size of the largest asteroids. Thus we find support for
another conjecture Henry Norris Ruseell made many years ago :
¢In the case of such small bodies the gravitational forces, which
ocompel a large planet to be nearly spherioal in form, would be
relatively inefficient, and it is not impossible that some of them
may be of irregular shape » (Russell 1924).
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2. — THE EFFECTS OF CONVECTION IN THE MANTLE
ON THE GRAVITATIONAL FIELD OF THE EARTH

Zpenix KOPAL
Department of Astronomy, Unsversity of Manchester, England
and

Jet Propulsion Laboratory, California Institute of Technology, U. 8. A.

Recent analyses of secular perturbations of artificial Earth
satellites (1) have revealed the extent to which the terrestrial globe
departs from a figure of equilibrium determined by ite axial rotation.
In partioular, if the internal distribution of density inside the Earth
as deduced predominantly by seismic evidence (c. f., e. g., Bullen (%)
and other standard sources) is adjusted for the theoretical (equili-
brium) ooefficient of the dominant second harmonic of polar
flattening to agree with the observed perturbations (i. e., the « dyna-
mical ellipticity »), the corresponding equilibrium coefficient of the
fourth harmonic of rotational origin is found to be 2.2 timee as
large as that deduced from the satellite observations (*); and,
moreover, all odd harmonics whose presence has been established
in the exterior potential of the Earth (*) remain, of course, wholly
unaccounted for.

This failure of the equilibrium model to provide for adequate
representation of the Earth’s external gravitational field suggests
the desirability of considering & more general hydrodynamiocal
model for the interior of the terrestrial globe ; and the likeliest cause
of motion whioh may significantly affect the distribution of density
inside the Karth is thermal convection due to radiogenic heating —
not only in the oore, but also throughout the mantle. The necessary
condition for the occurrence of convection — the superadiabatio
temperature gradient — appoars to obtain even for the minimum
estimates of the proportion of radioactive elements (K4, Thts, s
and U™) in the mantle ; and even a viscosity as high as 10 g/om.
sec frequently quoted as the upper limit for terrestrial rocks (%) is
sufficient (for ocoefficients of isothermal compression of the order of
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1019 qm*/dyne) for the mantle to behave essentially as s fluid over
s much shorter time soale than 10° years.

The oconditions for the stability of convection characterized by
a given spherical-harmonic symmetry (of even as well as odd orders)
were recently investigated by Chandrasekhar (*) for inoompressible
flow in liquid spheres (or shells) radioactively heated within ; and
several geophysical phenomena — such as anti-symmetric distribu-
tion of continents and oceans (7), or indications of continental
drift (*) — suggest that slow conveolion in the mantle of the Earth
may indeed occur (*). Let us, therefore, tentatively adopt a hypo-
theais that the observed coefficients of odd harmonics (as well as
the difference between the observed coefficient of the fourth har-
monic and one computed on hydrostatic equilibrium) in the gravi-
tational field of the Earth do arise from thermal convection in the
Earth’s mantle as represented by Chandrasekhar’s theory. What is
the velocity of convection (or the corresponding variation of density
or temperature) necessary to acoount for the observed charact-
eristics of the external gravitational field of the Earth in this
manner?

In order to answer this question, let us recall that, in accor-
dance with Chandrasekhar’s theory (and using largely his notations),
the radial velocity component U, of convective motion in a shell of
the radii nR and R, varying as a surface harmonic S (8, ¢), should
be given by

W,
U, = — '(r) 82 (9, 9), (1)
where
Wu(') = An{al— izt ,V,H,lh' *M,’(a‘-z)
+ 2B, + z*9B, + z- 1B, + z--1B,}; )

z = r|R being the fractional radius comprised between » and 1 ;
and A, the arbitrary scale constants. In this equation,

?l-t‘b.v(w) = J—(-+1/.)(¢m) J,(z) - Ju+lh(¢lﬂ) J-v(z) ) (3)
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. gy gL

x, being first root of the equation
Crrinr nig(@) = 0 O
and (provided that the outer boundary of our spherical shell at
z = 1 is free), the constants By on the right-hand side of (2) are
obtained by solving the simultaneous set of linear equations
B, +B,+B,+B,=0,

s"By + 1B, + 3 *+B, 4 y--D B, = 0, (5)
2
A —1) (B, +B)+ (n+ 1) (n+2) (By+ By) = — ~ cxtthnty (1),

(2n + 3) o
and .
n(n—1) ("B, + 77"*B)) + (n+1) (n+2) (4*B,+7~"B,
_ 2?“1/,, u+'/,_(§ﬂ)
(2n + 3) ol /9
if the inner surface at x — 1 is free, or
an™B, + (n + 2)B, — (n + l)"*'B;— (n — 1) B,

— Vi gu-blh' whiy (2m) Q)
T @+ 3)e

if it is rigid.

The mean radius R of the Earth is equal to 6371 km ; and the
radius of its liquid core nR = 3473 km leads to n = 0.545 —approxi-
mately half way between v, = 0.5 and 0.8, for which Chandrasekhar
and Elbert (1°) evaluated the roots a, of equation (4) for different
values of n with the following results :

1. TapLE or THE Roo1s a,

I
i n=2 n=23 ! n=4 E n=2_5 l n=2=4
! i !
| T ome | smmo
n = 0.5 7.1118 7.8450 ! 8.7168 | 0.0820 10.7077
7 =06 ' 8.4428 89013 | 0.6717 | 10.4563 11,3210

The oonstants By (j = 1, 2, 3 and 4) as defined by the system
of equations (5) and (6) or (7) have been evaluated by Mrs. Natioa
Greer and Mrs. Gail Lambert of the Division of Space Sciences,
J. P. L., and their numerical values are :
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II. Tapre or TEE CoNsrawrs By

o,

" | 10°B, I 10°B, 10°B,
i
Free Surface at z = 1
n=2 |
n=0.5 I —1.6662 41301 | 0.8477 —3.3118
n =106 | —0.7204 1.8501 l 0.6467 —1.7854
na=3 !
=05 ‘ 1.6022 —2.1031 | —0.2080 0.7989
n=06 | 08076 —1.1705 —0.2210 0.5839
1 |
i n=4
n= 0.5 —1.0165 11716 | 0.05358 —0.2087
n = 0.8 —0.5998 0.7209 0.07851 —0.2086
n=2_
n=0.5 0.6016 —0.6441 —0.01447 0.05704
n =06 0.4065 —0.4549 —0.02857 0.076901
n==6
n=0.5 —0.3561 0.3683 0.004105 —0.01629
n = 0.6 —0.2689 0.2872 0.01064 —0.02895
Rigid Surface at z = v
n=2
n=05 5.9491 2.4511 2.5267 —10.9269
n = 0.6 0.1884 1.5052 0.9106 —2.6042
n=3
7 = 0.5 1.4378 —2.1532 —0.2478 0.9633
n =00 —1.6767 —0.1220 —0.9365 2.7353
no=4
n =005 —0.2487 0.9810 0.2441 —0.9765
n =00 —2.0079 1.2244 —0.4160 1.1995
n=2_
7 = 0.5 0.3403 —40.5790 —0.07967 0.3183
n =08 0.03214 —0.3213 —o.1688 0.4513
n=2_6
n = 0.5 —0.2659 0.3457 0.02665 —0.1065
n =06 —0.1110 0.2208 0.06690 —0.1857
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With the aid of the foregoing numericu. data we can now
proceed to compute the absolute values of the expressions (2) for
W, — apart from the multiplicative factors A, which remain arbi-
trary. Let us attempt, in what follows, to determine them from
known values of the coefficients of the harmonic expansion of the
exterior potential ¥ of the Earth, which may be due to this cause.
In order to do so, let us recall (cf., e. g. section II-1 of (*!) and nota-
tions used therein) that the n-th term of the harmonic expansion
of V can be theoretically represented by

V, = Gro-t f P, (cos y)r'"dm (8)
where G stands for the constart of gravitation,
cos v = cos8 6 cos 0’ 4+ sin 0 8in 0’ cos (p — ¢'), (9)
and the element of mass
dm == p’r’? gin 0 dr’' d0’ d¢'. (10)
In so far as the perturbations p’ of density are due to thermal
convection, then within the framework of Chandrasekhar’s theory

¢ = — apo Oulr) SI(O, 9), |
- ( _Sud, )?ﬂw&-{i@, | (11)
"7 \4nGglRY nin + 1) /7

where p, denotes the equilibrium density (in the absence of convec-
tion) and R, the radius of the Earth ; while « is the coefficient of
volume thermal expansion ; and y, the coefficient of viscosity.

Imposing on (8) the limits of integration appropriate for a
shell of thickness (1 — v) R we find that

nis pl pm 2 7
V..=-—E-@_f f f O(2')Pa(008 Y)S3(0', ¢')'+ e sin 6'd0'dg’
nv0%0

r’H‘l
(12)
which by virtue of the orthogonality theorem
4
2n 41

® 2%
f f P,.(cos ) S™’, ¢’) sin 0'd0'de’ =
nvYo
can be simplified to
_ 3p A, R*187(0, 9)
T an+ 1) (2n + 1) gt

S3(6,9) (13)

1
J. x"+""'f,.+1,,, ar1p(oy z)dz (14)
n
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On the other hand, King-Hele and other investigators of the
gravitational field of the Earth (%) have formally represented its
external potential in the form

Vo=G7o1 iJ(?) 2060, 9) 2 (15)

[ T3 4
where mg = gnpoR' is the mass of the Earth, and the J,s are

appropriate coefficients (*) whose values can be deduoced from obser-
ved secular perturbations of the orbite of artificial satellites. Equa-~
ting (14) with (15) we find the constants J, and A, to be related by

Jau = ag(peR/x)*CoAnFu(n), (16)
where ¢ denotes the rate of energy liberation per unit mass ; x, the
ooefficient of heat conduction of the rocks in the mantle ; C,, the
specific heat of such material at constant volume, and

1 Yo
F) = e TN E + G, f,, HEe oo (e, (1)
where
4nGpiaeR*C,
C,‘ = _-W (18)

is the nondimensional Rayleigh number characteristic of a flow
pattern of the spherical-harmonic symmetry of order ».

Aocording to Chandrasekhar (of. Table XXII, p. 245 of (%))
the characteristic values of the Rayleigh numbers C, are as given in
the following tabulation :

III. Tanie or 10-4C,

! : 5 '
‘ ne=g n=3 | m=4 n—&' "=
l |
7 =05 2.181 1.9%¢ ; .46 | 3673 | 3402
7 = 0.6 6.133 | 4434 | 4076 | 4313 4045

(*) Not to be confused with the Bessel fanotions J,(z) of equation (3).
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and the function F,(x) as defined by equation (17) above has been
evaluated by quadratures of Mrs. Patricia Conklin of the Division of
Space Sciences, JPL, with the following results :

IV. TaBLE oF 10'Fy(n)

I n=2 n=3 n=4 | n=2>_5 n =6
|
| t | |
n=05 15.94 —5.170 1799 | —0.6893 | 0.2016
n = 0.6 3.316 —1.337 l 0.5625 | —0.2448 I 0.1130

Let us, furthermore, assume for the purpose of our discussion
that the behaviour of rocks in the terrestrial mantle is characterized
by the following mean values of physical parameters

a=2 X 10-%deg!,
C, =7 x 10%erg/g. deg,
= 2 X 10° erg/em. sec. deg,

e =2 X 10-* erg/g. seoc.
while the mean density p, in the mantle is approximately 4 g/om?®
and, of course, R = 6.37 x 10°® cm.

On the other hand, according to the authors of references (%)

and (%), the most probable values of the coefficients J, of the
potential expansion (15) are :

1047, = 1082.2 + 0.2,
1097, = — 2.4 4 02, /
107, = — L4+ 02,

@
1087, = — 0.2 + 0.1, > 20
107, = 0.9 + 08, \
1099, = — 0.3 + 0.1,

etc. The dominant coefficient J, of the second harmonic is pre-
ponderantly due to polar flattening of the Earth due to its axial
rotation — a cause whioh is also bound to invoke a second-order
~ contribution to J, third-order contribution to J,, etc. However,
it has recently been shown by Kopal and James (*) that the theore-
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tical equilibrium value of J, appropriate for internal density
distribution reproducing the observed value of J, is equal to
—3.156 X 10-* —i. e., more than twice as large as the value of J,
listed in (20) — a fact which leads us to conjecture that the diffe-
rence 3.2 — 1.4 = 1.8 may be equal to the actual value of J,
arising from convection. At any rate, the values of
Jy=—24x 10 and J, = + 1.8 x 10~ (21)
lead, by (18), to
A, = 1.6 om?/sec. and A, = 3.4 cmI/sec, respectively. (22)
The corresponding radial-velocity component of convective
flow then will, in accordance with equatiohs (1) and (2), be clearly
of the order of magnitude of

Un 7—'—-“3 —_— l) (23)

where r is an appropriate scale length which, for the Earth’s
mantle, can be approximated by 5 X 10° cm. If so, it follows by a
combination of (22) and (23) with the data of Table III that, for

n=3: U; =6 x 10-12 em/sec.

n=4:7TU,=1Xx 10" cm/sec. (24)
Velocities of this order of magnitude would correspond to displace-
ment of the order of 10~¢ cm (i. e. a micron) per year, or a flow length
of the order of 10 km during the entire age of the Earth. Velocities
so small are all that is required for convection to account for the
observed coefficients of higher harmonics in the external gravita-
tional field of the Earth ; but are manifestly quite inadequate to
provide motive power for the continental drift or other geophysical
phenomena which have been mentioned in this connection (%*).
As a corollary, it should also follow from equation (18) that the
coefficient p. of viscosity consistent with the physical constants (19)
and the Rayleigh numbers characteristic for this type of flow
should be of the order of 103" g/om. sec — i. e., by five orders of
magnitude greater than those inferred by other methods (%).
Only so high a viscosity can retard the convective flow to the low
absolute flow velocities (24) quoted above.
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Is there any escape from these conclusions, by any admissible
variation of the physical constants of the Earth involved in ow
computations? Of such constants, the values of « as well as of C,
appear to be sufficiently well known for terrestrial rocks that at
least their order of magnitude can be considered as fixed. The
value of x is perhaps less firmly established ; and that of ¢ still less so.
However, an increase of x by not less than two orders of magnitude,
a diminution of ¢ by four orders, or a suitable combination of both
would be required to harmonize the characteristic Rayleigh num-
bers C, with a viscosity of the order of 103 — 10* g/cm. sec ; and
(by increasing the values of A, for given J, in equation 18 by the
same factor) to obtain a flow velocity of the order of 1 em/year
required for the continental drift. Whether or not so large a change
in % or ¢ may indeed be supported by other independent evidence,
only the future can tell.

Before considering this too seriously, however, we should, at
least mention that our present failure to reconcile the consequences
of Chandrasekhar’s theory of convection in the Earth’s mantle
with the observed values of J, for the most probable values of the
physical constants based on independent evidence may also go
back to the fact that Chandrasekhar used too restricted an equation
for the changes in state (at the basis of the Boussinesq approxima-
tion). This equation relates the changes of density invoked by
convection with the changes of the temperature alone; and the
validity of this approximation under conditions prevailing in the
Earth’s mantle appears to be somewhat questionable (). A con-
sistent development of a more general theory of convection in
which the changes of density are related with those of the pressure
as well as temperature, remains, however, still a task for the future.
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3. — COMPARATIVE ANALYSIS OF THE INTERNAL
CONSTITUTION AND DEVELOPMENT OF PLANETS

B. J. LEVIN
0. Schmidt Institute of Physics
of the Earth, Acad. Sc. USSR

A comparative analysis of the internal oonstitution and
evolution of planets gives important results for planetary physics
a8 well as for geophysics. The most developed branches of such
analysis are a) the comparison of mean densities of related groups
of planets and satellites and b) a comparative study of thermal
histories of terrestrial planets and the Moon.

I

The analysis of the mean densities of planets consists in the
calculation of planetary models with radial distribution of density,
which satisfy to the values of mass and radius, and in some cases
of the moment of inertia, deduced from observations. The calcu-
lations require the knowledge of the equation of state of planetary
matter and therefore some assumptions on its chemical composition
and on phase transitions are needed. (Wildt, 1961).

For terrestrial planets the analysis of their densities is intima-
tely connected with the important problem of the nature of the
dense core of the Earth and of the presence of similar cores in
other planets.

The old iron-core hypothesis presents several difficulties :

1. If this hypothesis is admitted the inference of different
content of iron in planets, already made by Jeffreys in the thirties,
is inevitable. The attempts to ascribe theee differences to different
fractionation during the formation process (H. C. Urey, 1952,
1954, 1956, 1960; A. Ringwood, 1959) cannot be regarded as
successful. Insurmountable difficulties remain even within the
artificial schemes proposed by these authors.
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2. When the ocold origin of terrestrial planets was established
the formation of the iron core was ascribed to the gravitational
differentiation, which began after the radioactive heating and
softening of the interior of the Earth and planets. But the possibility
of such segregation of iron is doubted by several authors (see f. i.
Lyustikh, 1948).

3. Recently the experiments on the shock-wave compression
of iron (Altshuler and oth., 1958) showed that at pressure existing
in the Earth’s core the density of iron is somewhat too great. If we
try to obtain a lower density increasing the supposed temperature
of the core the unacceptable high temperature is needed. (Zharkov,
1960). We can decrease the density of iron without the increase of
temperature, supposing for example the admixture of silicium or
magnesium to the core’s matter. But this would mean the rejection
of analogy with iron meteorites, which is one of the main arguments
in favour of the iron core hypothesis.

4. The melting temperatures of iron and silicates at high
pressures are such that the iron core hypothesis is unable to combine
the solid state of the Earth’s mantle with the liquid state of its core,
which is needed to explain the magnetic field of the Earth.

The alternative point of view on the nature of the Earth’s
core is represenited by the Ramsey’s hypothesis. The analysis of the
densities of terrestrial planets based on Ramsey’s hypothesis leads
to almost common composition of Venus, Earth, Mars and Moon,
and all difficulties of the iron core hypothesis mentioned above do
not rise (*).

But the real existence of the phase transition in rocks at the
pressure of about 1.5.10% atm. has no direct confirmation. Calcu-
lations for MgO by Trubitsin (1958) as well as experiments by

(*) The high density of Mercury remains properly unexplained. As waa
already mentioned (Levin, 1957) it is probably due to the formation of
Mercury from particles most heated by the Sun or even condensed under the
conditions of higher temperature. Unfortunately a thorough study of the
chemical evolution of the protoplanetary cloud remains still lacking.
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Altshuler and Kormer (1961) on shock wave compression of dunite
failed to give a phase transition at this pressure.

However the present author is not inclined to regard these
results as final. Comparing the difficulties of the iron core hypothesis
with the merits of Ramsey’s hiypothesis he continues to support the
latter. ‘

The analysis of densities of giant planets shows that with any
existing variant of equation of state for hydrogen its content

TaABLE 1
I
Mean . Mean
Mass Diameter . Density
, km | glem?
1 |
Planets :
Mercury 0,0543 | 4800 i 56402
Venus . 0,8138 | 12200 L5101
Earth I 12 742 | 5,518
Mars " 0,1089 ' 6760 | 3,95
Jupiter . 317,38 ' 139 400 1,3¢
Saturn 95,03 , 115 400 [ 0,70
Uranus 14,8 | 48 200 1,48
Neptune Po1re ' 45 800 2,08
Pluto L 0,03+07 6400 = 12700
Satellites :
Earth : Moon 1 . 3476 3,34
Jupiter : 1. To 0,95 | 3470 T 32
II. Europa 0,64 | 3100 3,0
III. Ganymede 2,09 | 5000 |24
IV. Callisto 1,19 4700 i 1,6
Saturn : I. Mimes . 51410°¢ | 500 | 0,6+ 0,2
. Enceladus |  1,1410-* | 570 | 0903
III. Tethys | 86610* | 900 L L7403
IV. Dione . 0,015 | 850 l 3,44+03
V. Rhea ‘ ! I 1400 ?
VI. Titen . 1,886 | 4850 P2,3
VIL. Iapetus 0,025 1330 1,5
Neptune : I. Triton 1,88 31770 4,9
TI. Nereid | 47107 300 2,4
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diminues monotonously from Jupiter to Neptune. It is no reason to
oconnect this change with the differences of masses of these planets.
Obviously it is due to differences in their distances from the Sun.
A tentative explanation was presented some years ago (Levin, 1957).

For the further more refined analysis of densities of planets
the most reliable values of their masses and radii must be used.
8. Kozlovskaya compiled a review of all determinations and deduced
the most probable values, which are given in Table I with corres-
ponding values of the mean density. The full review will be
published elsewhere.

1I.

In the analysis of thermal histories of planets as in the analysis
of their densities a comparative study of related hodies gives much
advantages.

For terresirial planets their internal temperature at the end
of their formation was low and was determined mainly by the
radiogenic heat, generated during the formation. Only in the more
massive planets — Earth and Venus -— some additional increase
of temperature was caused by the compression of internal parts
under the weight of acocumulating outer parts. But even for these
planets the heat output by the shocks of planetesimals from which
they were formed was very small (Safronov, 1959).

Radioactive elements form only nonvolatile compounds, and
therefore their content in all terrestial planets must be almost
the same. The heating of these planets must be similar (if we
neglect the differences in the outflow of heat to the outer space),
but nevertheless their thermal histories were different. It is due
to the differences in their internal pressures, which cause differences
in the melting temperatures.

On fig. 1 the curves of the melting temperature versus radius
are drawn for the Earth, Venus, Mars and Moon. The calculations
by Uffen (1952) and Zharkov (1959) based on the quantum theory
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of solid bodies and on the analysis of seismic velocities give for
the Earth’s mantle substantially different curves (*). These curves
were recalculated for the mantle of Venus and Mars (in the latter
the mantle embraces almost the whole planet) assuming that even
in the upper mantle of the Earth the curves by Uften and Zharkov

tch Melting temperatures |
~0004

7000

6000 " s000
L 5000
- 4000
30001

- 3000

20004 2000

- 1000

0 a9 @ 07 a6 05 a4 03 a2 g
Fig. 1

are determined by changes of pressure and not of chemical compo-
gition. The melting curve for the Moon is based on the experimental
data for dunite. For the Earth’s core the melting curve for iron
according to Zharkov (1959) as well as his curve for metallized
silicates (Zharkov, 1962) are given. These both curves are recal-

(*) The curve by Uffen was improved by Zharkov and in addition he
obtained & new curve using a different method of caloculations.
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oculated also for pressures existing in the core of Venus. For a small
Martian core, whose dimensions are badly known, only the melting
ourve of iron is given.

The calculations of radiogenic heating of the Earth and
planets (see, for example, Levin and Majeva, 1961) show that in
the internal parts of such great bodies the changes of temperature
along the radius are small, i. e. that the internal parts are almost
isothermic. The absolute values of the temperaturc of these parts
are determined mainly by the assumed content of radioactive
tlements.

In the Earth, on the boundary of the core the melting point
of iron lies for 600° higher than the melting point of the mantle
according to Zharkov and only 200° lower than its melting point
according to Uffen. For a molten state of the outer core up to the
boundary of the inner core a temperature of about 6000° is needed
(for an iron core), but at this temperature the whole mantle would
be also molten. However it is not so. In the case of metallized sili-
cates a temperature of about 2000° is enough for a molten state
of the outer core and at this temperature the mantle remains solid.
Only at the depth of about 0,1 of the Earth’s radius the temperature
curve turns to be close to the melting temperature, which indeed
is needed for a gradual smelting of the crust from the upper mantle.
It must be added that such temperature of the Earth’s interior
oorresponds to a most probable content of radioactive elements.

At the temperature of about 2000° the core of Venus, if
composed from metallized silicates, must be molten up to the
centre. In the upper mantle of Venus the conditions must be
similar to those in the Earth and therefore the formation of the
outer crust must proceed in a similar way.

For the study of the thermal history of Mars the choice
between the two variants of the melting curve for the mantle is
of importance : if Uffen’s curve is correct then at the temperature
of 2000-3000° the central parts of Mars remain solid, but the
outer part is molten ; if Zharkov’s curve is correct the wholeMartian
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interior was sometimes molten and has undergone a physico-
chemical and gravitational differentiation similarly to what has
probably occurred in the Moon. The melting of the whole interior
of Mars, or at least a total melting of its npper mantle must lead
to a relatively rapid compvletion of differentiation, i. e. to the
completion of formation of the outer sialic crust similar to the
Earth’s crust. Since a sialic matter when completely differentiated
can amount to 10-15 9%, of the total mass of silicates {Vinogradov,
19569, a, b) the thickness of Martian crust can reach 40-60 km.

The existence in Mars of a small dense core (Bullen, 1949, 1957)
can be most easily explained by the gravitational differentiation
of iron. This explanation gives an argument in favour of the
melting of the whole interior of Mars, i. e. in favour of Zharkov’s
melting curve for the mantle. But the data on the melting curves
of some minerals are in fa. vour of the curve by Uffen.

In the Earth (and in Venus) the temperature only approaches
to the melting curve at the depth of 500-1000 km and therefore
the formation of the crust has a long durable character. On the
Earth the formation of the crust continues till now at almost
constant rate without obvious signes of slackening. The associated
tectonic movements and orogenic processes are going on now with
about the same intensity as hundreds of millions years ago.

The internal parts of Mars, owing to its smaller dimensions,
as compared with the Earth, and greater collection of radio-
active elements into the outer crust, must be already cooling, and
the formation of the crust has already finished.

Mountain chains of the Earth’s type are lacking on Mars and
there exist only highlands. Their absence is often explained by
an accidental ccincidence of the present time with the epoch of
temporary slackening of Martian tectonic processes. One refers
to the existence of such epochs in the geologic history of the Earth.
However the synchronism for the whole Earth of the slackening
and resumption of tectonic processes is unproved and even seriously
doubted. Another possible explanation for the absence of mountains
on Mars can be proposed : climatic conditions on its surface are such
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that the weathering proceeds much rapidly than on the Earth and
therefore mountains are destroyed before they become high. But
the above conclusions on the evolution of Martian interior give
good reasons to admit as a most probable cause of flatness of the
Martian surface the weakness or a total absence of modern tectonic
movements.

Only few can be said on the thermal history of the giant
planets. In these planets the gravitational energy liberated in
their formation process caused them to be initially hot. (The ter-
restrial planets rapidly lost this heat into space). This is manifested
in the density distribution of the main Jovian satellites, which
is similar to the distribution of planetary densities caused by the
solar radiation. How high was the initial surface temperature of the
giant planets and how did proceed their subsequent cooling require
further investigation.

REFERENCES

ALTsHULER L. V. and oth., J. Exp. Theor. Phys. (Russian), 34, 874, 1958,

AvrrsHULER L. V. and KorMER 8. B., Izvestia Acad. Sci. USSR, Ser. geo-
phys., N. 1, 33. 1961.

BuLLeN K. E., M. N., 109, 688, 1949.

BuLLEN K. E., M. N. Geophys. Suppl., 7, N. 5, 271, 1957.

Levin B. J.. Mém. Soc. R. Sei, Lidge, IV gérie, 18, 188, 1957,

Levin B. J. and MaJEVA 8. V., Annali di Geofisica, 14, 149, 196].

LyustikH E. N., Doklady Acad. Sci. USSR, 59, 1417, 1948,

Rinawoobp A. E., Geochim. Cosmochim. Acta, 15, 257, 1959.

Sarronov V. 8., [zvestia Acad. Sci. USSR, ser. geophys. N. 1, 139, 1959.

TruBitsiN V., P., J. Exp. Theor. Phys. (Russian), 34, 221, 1958

UrreN R. J., Trans. Am. Geophys. Un., 33, 893, 1952,

Urey H. C., The Planets. (New Haven), 1952,

Urey H. C., Astroph. J. Suppl., ser. 1, N. 6, 147, 1954,

Urey H. C., dstropk. J., 124, 623, 1956.

Urey H. C., Geochim. Cosmochim. Acta, 18, 151, 1860,

ViNoGRrADOV A. P., Izvestia Acad. Sci. USSR, ser. geol., N. 10,5, 195%a.

ViNoGraDOV A. P., Chemical Evolution of the Earth. (in Russ.) Moscow,
1959b.

Wiint R., ch. 5 in The Solar System, v. III, ed. G. P. Kuiper and B. Middle-
hurst (Univ. Chicago Press), 1961.

Zparxov V. N, Izvestia Acad. Sci. USSR, ser. geophys., N. 1,465, 1859,

Zuarkov V. N., Doklady Acad. Sci. USSR, 135, 1378, 1960,

ZuARkOV V. N., Trudy Inst. Phys. of the Earth Acad. 3ci. USSR, N. 20
(187), 1962,

46



4. — JUPITER : CHEMICAL COMPOSITION,
STRUCTURE, AND ORIGIN OF A GIANT PLANET (*)

E. J. OPIK
Armagh Observatory, Northern Ireland
and
Department of Physics and Astronomy, University of Maryland, U. S. 4.

ABSTRACT

A comprehensive analysis is made of the observational and
theoretical information regarding the composition, structure, and
origin of Jupiter, viewed as a cosmogonic test case of a giant planet.

With a polychromatic radiative-equilibrium temperature of
112 4+ 29K, based on the radiative properties of ammonia and
methane as the chief radiators, the occultation of ¢ Arietis yields a
mean molecular weight of p = 4.3 + 0.5 for Jupiter’s atmosphere.
The combination of the optical properties of Jupiter’s disk with
spectroscopically determined abundances of molecular hydrogen,
methane and ammonia leads to probable percentages of molecules
in Jupiter’s observable atmosphere as follows :

Molecule He H, Ne CH, A NH,
A 97.2 2.3 0.39 0.063 0.042 0.0029

This gives another independent value of the mean molecular
weight of u = 4.02, in fair agreement with the occultation value.

Free nitrogen is excluded by considerations of chemical
equilibrium. CO, must be completely reduced to CH, and H,O,
whereas water is snowing out and cannot appear above Jupiter’s
cloud level. The solid ammonia hypothesis of the clouds is strongly
supported. The temperature at cloud top is 156°K, and the probable
pressure 11 atmospheres.

(*) This research was supported by the National Aeronautics and Space
Administration Grant NsG-58-60. The full paper, about 80 pp., is scheduled
for publicaticu in No. 3 of Icarus, autumn 1962.
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From radiometric observations, as well as from the independent
evidence of the temperature of the ammonia clouds, an internal
heat supply for Jupiter is indicated, of the order of 1.2 x 104
erg/cm?, sec or 1.6 + 0.4 times the solar input. For Saturn the
internal heat supply is of the order of 4 X 103 erg/cm?. sec, almost
the double of solar input.

If the bulk of Jupiter’s mass is solid hydrogen, its atmaspheric
composition is very different.

Escape and diffusion processes from a rotating pre-planetary
nebular ring, as well as from planetary exospheres are analyzed
and numerically evaluated. These processes, of neutral as well as
ionized gas, are utterly inadequate to account for any significant
differentiation of composition on a cosmic or planetary scale.

It is shown that differentiation by condensation of solid
particles, especially snowing-out of hydrogen from the nebular ring,
is quantitatively adequate to achieve concentration of hydrogen
in the core of a Jovian planet, as well as to lead to the subsequent
accretion of a helium atmosphere. )

The solid hydrogen-helium model of Jupiter’s internal structure
is shown to be the only one in harmony with observation and
theory.

The alternative of a gaseous sphere of heavier elements
(C-N-O) is examined and shown definitely to contradict crucial
observational data, especially surface temperature which should
then be of the order of 104 deg K. Such a sphere would rapidly
cool by convection and become a solid-degenerate body of much
higher density than that of Jupiter.

The bulk of Jupiter’s mass could have originated either
directly by accretion of hydrogen snow from the ring, of course
vaporizing before reaching the surface of the planet maintained
at a temperature of the order of 3000-4000°K ; or through an
intermediate stage of a gasball, contracting through convectional
couling. Cooling by radiative and conductive transfer is far too
slow for gasballs of Jupiter’s mass. )
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PriNcipaL CONCLUSIONS

1. From the combination of the available spectroscopic,
radiometric and photometric evidence, including the occultation
of o Arietis, it is concluded that the m 'n constituent of Jupiter’s
atmosphere is helium, with molecular hydrogen coming next.
The mean molecular weight of the atmosphere is close to 4.0.

2. The radiative equilibrium in Jupiter’s atmosphere is
chiefly governed by ammonia, and to a lesser extent by methane.

3. Radiometric and spectroscopic data consistently indicate
an internal heat supply for Jupiter of (1.2 -+ 0.3) x 10 erg/cm?2 sec
at the planet’s surface, or by about 60 per cent greater than the
input of solar radiation. The figure follows independently from
direct measurements of the infrared radiation, and from the vapor
pressure and temperature of the radiating ammonia layer. For
Saturn the internal heat supply is (4.0 = 0.4) x 10% erg/cm? sec
at the surface.

4. The unusual abundance of helium as compared with
hydrogen in Jupiter’s atmosphere cannot be due to selective
escape, diffusion, or any other atomic (ionic) filtering processes
during the planetary or pre-planetary stage. These selective
processes are too slow by many orders of magnitude, and can only
affect the composition of an unmixed outer atmosphere.

5. Because of the necessity of radiating away the excess
energy, neither Jupiter nor any other body of planetary size, of
less than 0.03 solar mass (or 30 times Jupiter’s mass), could have
come into being and acquired its present dense state by conden-
sation or accretion of pure hydrogen, or helium, or any other
material in & non-convective gaseous state, during time intervals
of less than 101° years. However, convective structures of Jupiter’s
mass could have cooled off in about 10® years.

6. The most direct and plausible way of building up planets
of less than 0.03 solar mass appears to be accretion from a cloud
of solid particles.
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7. Snowing-out of solid hydrogen from a nebular ring of
extremely low temperature (4 °K) could account both for the
predominantly hydrogenic composition of the bulk of Jupiter’s
mass, and the predominance of helium in its atmosphere as a later
acquisition.

8. The solid hydrogen-helium model of Jupiter is to be regarded
as the only plausible structure of this planet, as well as of Saturn.
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5. — THE CONSTITUTION OF URANUS AND NEPTUNE

W. C. DEMARCUS and Ray T. REYNOLDS
University of Kentucky
Lexington, Kentucky, U7. S. A.

I. INTRODUCTION

The compositions of two of the giant planets, Jupiter and
Saturn, seem to be fairly well established if it is assumed that
they are cold bodies. (Ramsey and Miles (1952), DeMarcus (1958))
Consequently if the compositions of Uranus and Neptune could also
be found, subject to the same assumption that they are cold bodies,
a well defined study of the giant planets would be complete.

However it is a conclusion of this paper that results such as
those obtained by Ramsey and Miles and by DeMarcus cannot be
attained for Uranus and Neptune. The reason for this lies wholly
in the fact that these latter planets are much poorer in hydrogen
than are Jupiter and Saturn. At low temperatures and a given
pressure, densities less than a certain value imply a minimum
amount of hydrogen but densities greater than this value can be
attained by infinitely many different mixtures of all the elements.
All reasonable models of Uranus and Neptune have values of density
as a function of pressure which fall in the ambiguous region while
the opposite is true for Jupiter and Saturn. As a consequence of
this fact the philosophy followed by DeMarcus in his investigation
of Jupiter and Saturn has to be modified in order to make any
progress at all. DeMarcus sought to avoid the employment of any
cosmochemical data in order that his results, whatever they might
be worth, might have primary significance. In this paper the requi-
rements of thLis philosophy have been relaxed to the extent that the
relative proportions of all elements more massive than helium are
assumed « normal ». By definition « normal » relative abundances
are those given by Urey and Suess (1956). This particular mixture
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of heavy elements is designated herein by the homely noun, « mud ».
The low temperature equations of state of hydrogen, helium and
mud are then estimated and the compositions of Uranus and Nep-
tune can be assayed, on the basis of assumed models, to the extent
that lines on a tri-linear chart could be marked off near which the
compositions of the planets should fall. Before taking up this
principal phase of this paper however it was of some interest to
see how nearly Neptune and Uranus could be fitted by model
planets of pure Lelium or of pure mud. To these restiicted probiems
we now turn.

II. TaE Mass-Rapius RELATION oF HELIUM AND MUD PLANETS

DeMarcus (1959) has given an estimated equation of state of
helium by interpolating between the measured results of Stewart
(1956) at low pressures and a theoretical calculation at high pres-
sures based on an investigation of divalent metals by Raimes (1952).
The 0°K isotherm so derived is reproduced in Table I. On the basis
of this pressure-density relation, model planets were constructed
with varying central pressure. The results are given in Table IT and
Figure I.

TaBLE 1

The Equation of State of 0°K Helium

p(10'* dyne/em?) ? pigm/cm?)

.0002 ; 234
.0010 323
0100 534
100 : 936
400 | 1.40
1.00 1.89
4.00 3.16
10.0 J 4.56
40.0 | 8.64
£0.0 ‘ 11.41

52



Z.OT
H
MUD ¢
s
O
. N
° O} °
- U
=
A
g Hz
s
1.0 2.0
RADIUS 10° owm.

Fig. 1. — Theoretical mass-radius curves for

planets composed of pure

hydrogen, helium or mud. The small circles correspond to the empirical
values for Uranus and Neptune

TaBrLE II
Mass-Radius Relation for Cold Helium Planets

Mass (10* gm) | Radius (10* om)

55.8 1 2.12

101.2 ‘ 2.40

166 l 2.63

194 J 2.71
303 | 2.92
302 ' 3.04
461 3.10
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Mud is considered to be & mixture in the proportions by num-
bers of atoms given in Table III.

TasLeE III

Composition of Mud

Element Relative Abundance

c 3.5
N | 6.8
o) i 21.5
Ne 8.6
Si : 1.0
Fe 3 0.60
\ \
o \\
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Fig. 2. — Dlustrating the extrapolation of pressure density relations. The
curve T. F. is the equation of state of nitrogen calculated by the Thomas-
Fermi method. The main curve represents measured values of volume as
function of pressure in its solid portion while the dashed portion is the
extrapolation used in this paper. The units of volume and pressure are those
appropriate to the Thomas-Fermi method for atomic number Z.
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The densities of the pure individual elements were obtained by
interpolating between the experimental resulte of Bridgman or
Stewart and the Thomas-Fermi Equation of state. Flgure II
illustrates the interpolated equation of state for nitrogen. Assu-
ming that the molar volumes are additive, the density p,, of cold
mud at any pressure is then given by

1 _ T wy

Pm B 4/ Pt
wherein wy is the mass fraction of the ¢# constituent and p; is the
density of the * constituent at the given pressure. The equation
of state so estimated is displayed in Table IV.

TasLE IV

Egquation of State of Cold Mud

p(10'* dynes/om?) | p(gm fom?)
0.01 ’ 1.97
0.04 2.18
0.10 ; 2.49
0.40 3.29
1.00 3.99
4.00 5.87
10.00 ‘ 7.89

The densities of Mud as a function of pressure are fairly well

fitted by the equation
o? = 6.85 + 50 p

where p is in units of gm em-? if p is in units of 10! dynes/cm?.
Consequently the mass-radius diagram of mud planets can be
deduced from the Emden Polytrope of index 0.5 (For details on the
procedure see DeMarcus 1959, p. 422). The [mass radius relation
of mud planets thus obtained is also displayed in Table V and
Fig. I. Figure I also contains points representing the masses and
radii of Uranus and Neptune. From the figure it can be seen that
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TasLe V
Mass-Radius Relation of « Mud» Planets

Radius (10* cm) | Mass (10% gm)
855 2.77
856 7.21
1.08 | 17.9
1.28 | 36.2
1.74 | 148.2

a model planet of Uranus can be constructed of almost pure helium
but that Neptune requires at least a sizeable admixture of mud. Of
course, a8 will be shown below, Uranus could equally well be fitted
by a model made up of a mixture ~{ .nnd and hydrogen since the
density of helium can always b matched by a mixvure of mud and
hydrogen.

III. MopEL Pr.iNETS OF URANUS AND NEPTUNE

The values adopted for the physical parameters of Uranus
and Neptune are given in Table VI. The quantity I/MR2 is the
ratio of the mean moment of inertia to the product of mass and

TasLE VI

Mechanical Data for Uranus and Neptune /

Uranus Neptune
Mass (10% gm) 86.0 i 102.8
Mean radius (km) . 23,700 21,500
Mean density (gm/cm?) l 1.56 | 2.47
Ellipticity ‘ 0.06 | 0.017
Period (hr) 10.8 ' 15.7
I/MR?* } 0.34 0.30
J ‘ ‘ 0074

Sources : Masses and Radii, Kuiper (1952) ; dynamic ellipticity and
J for Neptune, Brouwer and Clemence (1961) ; rotational periods and visual
ellipticity for Uranus, Allen (1955) ; I/MR?® estimated from Radau-Darwin
approximation.
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squared radius of the planet and would be 0.40 if the planets were
homogeneous. The quantity J is a measure of the departure of the
external gravitational potential of the planet from spherical sym-
metry. Explicitly the external gravitational potential is assumed

to be
GM 2\ /Ja®
V:__.r [1_<3><F>P,(cosq>)+...:|

where G is the gravitational constant, M the mass of the planet,
a the equational radius of the planet, r the distance from the center
of mass of the planet, ¢ is the co-latitude and P, (p) is the Legendre
polynomial of order 2 normalized so that P,(1) = 1.

The ellipticity e of the surface, (¢ — b)/a) (where b is the polar
radius), is given by numerous authors, for example Spencer-Jones
(1954) as

e=J -+ 1, m
with
3w?
- 4o
Here ¢ is the mean density of the planet and w is its angular speed
of rotation The moment of inertia can then be estimated from the
Radau-Darwin approximation

I 2 4 Ism )
MR: 3 15V T

A possible model of Uranus or Neptune must have a density
distribution p(r) defined for 0 < r < R where r is the planetary
radius and moreover must satisfy the two conditions

R
M= 4rcf r3o(r)dr
0

P
[=- J. réo(r)dr
3 Jo

1t is also customary to add the extr=mely plausible condition that
dp/dr < 0 for 0 < r S R i. e. the density must not increase with
radius. These three conditions are not enough to determine the
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density distribution completely but the combination does markedly
decrease the flexibility of choice from the case where the mass
alone is given.

In this paper, four models of each planet have been considered.
These are two and three shell models plus a Laplace model and
another model, recently discovered by DeMarcus, which shares with
the Laplace model the welcome circumstance that Clairaut’s
equation for the ellipticity can be integrated in closed form.

A. Two Shell Models.

These models have only two different values of the density
p(r) = peif 0 <r < fRandp = p, if R <r <Rwith0 <f < 1.
The mass is given by

47
M= 3" R'[Pm + B'(PO_PM)]
and their moment of inertia by
8r
L= ZR[pm + 8% — o]

The mass and moment of inertia thus serve to fix only two of the
necessary three parameters. In this investigation we have arbitrarly
set p,, = 1 gm/cm? in order to obtain definite models. The pressure
p(r) as a funotion of radius is then obtained by integrating
dpldr = — g(r) p(r)

where g(r) is the local acoeleration of gravity at the surface of mean
radius r.

B. Three Shell Models

These are defined by p(r) = p, if 0 <r < B,R, p(r) = p,
if BR<r<B,Rand p(r) =p if BR<r <R
for which

4

M, = 3 B*[es + Bles — pa) + B (b — )]
8w

I =15 B [es + Bilps — p3) + Biler — o]
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All five parameters are determined from the two preceding relations
by arbitrarily setting ps = 25 gm /em?, 8, = .20 and p, = 1 gm/om3.
The pressure is determined as before and the somewhat cumbersome
expressions are not reproduced here.

C. The Laplace Models.
These are defined by assuming
p(r) = pe(sin kr/kr)

which has two adjustable parameters, the oentral density p. and the
parameter ¥ which is a reciprocal length.

Consequently fixing the mass and moment of inertia uniquely
defines a density distribution for a mode! planet and again the
pressure can be caloulated at every level.

D. D(B) Models.

In this paragraph let r = SR, o(r) = p3(8) where g, is the
mean density of the planet to be modeled and R is its radius.
Then these models have densities given by

. 1 ] ¢
s P | O
o= S ey
The pressure is then found to be given by
4
P = 3 GRR* [5(1,0) —9(8, 0)]
with
_B*f1+a} 1
%8, a)= ) (fI@) ex'Pg éa(l —B) g
1 + ap?\"|
5(5)
1(1 + a)® 1 1 2
t3 °xp3§(l +“)§ E'(é)_ (1 + api)?

In the preceding expression, E4(z) is the usual exponential integral
defined via

© _—ou

e
Eg(z) = f o du

1
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With the exception of the three-shell model, the preceding
models all share the happy circumstance that the ellipticities they
would assume when rotating with angular speed & an be worked
out in closed form. For the two shell model and the Laplace model,
the relevant formulae can be found in Darwin (1877, 1900). For the
D(B) model one of us has recently found

with

™ = 4nGa,
po being the mean density of the planet. The parameter a should
not exceed 2 numerically for a meaningful model since densities at
some values of § would be negative.

IV. EsTIMATION OoF COMPOSITIONS

The employment of one of the preceding models furnishes an
estimate of the pressure and density at every point within the
planets Uranus and Neptune. Bounds on the compositions at every
point in the planet may. now be computed under the following
assumptions :

(a) The relevant mechanical data for the Uranus and Neptune
as given above in Table VI are correct.

(b) The heavier elements of the planet have the same relative
abundances as our « mud ».

(c) The equations of state of helium, hydrogen and mud are
correct at 09K as given in the paper.

(d) The planets are cold i. e. have the same densities at the
pressures in question that they would have if cooled to the absolute
zero of temperature,
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(e) Partial molar volumes of a mixture of hydrogen, helium
and mud are additive. ‘

(f) Hydrostatic equilibrium holds throughout each planet.

At a given point in the planetary model where the density is
¢ and the pressure p the following relation then holds

1 o, 0 "
P Pr PB. Pm

where w,, w, and w, are respectively the fractions by mass of
hydrogen, helium and mud and pg, pg,, pm are the densities of
hydrogen, helium and mud at the pressure p. Naturally this relation
makes sense only if ¢y < ¢ < p, which is the case for the models
considered herein. A second relation for the mass fractions follows

from their definition
W) + wy + wy =1
These two relations between the mass fractions are not sufficient

to determine them. However limits can be set on the mass fractions.
For example w, cannot exceed

max 1w, = °& ( _&z-_:f’_)
£ Pm— Pn

which is obtained by setting w, = 0. Also w, cannot be less than
the larger of the two numbers 0 and

Px ( _ege,:e)

P ‘PH, —Pum
Consequently, & minimum and a maximum value of w, can be
obtained at every level and the corresponding minimum or maxi-
mum value for the total mass fraction of the whole planet is obtai-
nable by summing over all levels in the planet. The minimum value
of w; is 0, for helium can always be simulated by an appropriate
mixture of hydrogen and mud. The maximum possible value of
w, is

_ ¢a (Pm—0p)

max wy = —— " - p>p
Y e lom—ePm,) Be
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er, (P — Pm)
—— <
plem,—pm) |

The results obtained in this way by using the model planets des-
oribed in this paper are given in Table VII and Table VIII.

max w’ ==

TasLx VII
KExtreme Hydrogen Mass Fractions

Uranus Neptune

Model Max wy Min wy Model Maxwy | Minwy

2 Shell .238 .060 2 Shell 187 038

3 Bhell 250 .101 3 Shell .158 .031

Laplace .232 035 Laplace 140 .000

D(p) 231 i 031 D(B) 142 .000
Tasixe VIII

Mazvmum Helsunm Mass Fracvson

Max wg,
Model Uranus Neptune
!
2 Shell | 810 432
38 Shell J10 560
Laplace 049 616
D(B) 926 637

We thus conclude, on the basis of the stated assumptions, that
Uranus and Neptune have a much smaller fraction of their mass
attributable to hydrogen than do Jupiter and Saturn. In fact it
would seem that Uranus cannot be more than about 23 %, hydrogen
by mass while Neptune cannot be more than about 14 % hydrogen
by mass.
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V. DiscussioN oF ERRORS

To give some idea of the importance of the assumptions which
have been made, re-evaluation of (wg),,., has been done when some
of the assumptions were changed. Table IX below shows the effects
of these changes on the maximum hydrogen mass fraction.

TasLE IX

Changes in the Maximum Mass Fraction of Hydrogen Due to Changes
n the Fundamental Assumptions

Change in Assumptions Change in (wy) max

Uranus ; Neptune

I

Densities of hydrogen assumed 5 9, smaller than

vaiues given by DeMarcus —.013 —.007
Density of helium assumed 5§ 9, larger than given in i

Table 1 0.0 00
Density of mud assumed 20 %, larger than given in ‘

Table IV .023 .033

Radius of planet assumed 1 9, smaller than given in i

Table VI —.008 = —.007
Moment of Inertia assumed to be 0.25 MR? —.0
Moment of Inertia assumed to be 0.40 MR?* .030

The reader may infer the effects of some other errors not w.en-
tioned explicitly in the Table above. For example the fact that the
temperatures are not absolute zero lowers all densities from the
absolute zero values assumed. But estimates of the effects of the
density changes are given above and the reader may form his own
opinion as to the magnitude of the temperature error. A similar set
of calculations has been made for the changes in the maximum
helium abundance following changes in the assumptions. Exocept
for the change in the densities of helium itself, the effects are all
much smaller than in the case of the hydrogen abundanoces. If the
density of helium is raised 5 9, with respect to the values given in
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Table I, the respective change in of maximum helium abundances
are —.004 and +.047 for Uranus and Neptune respectively.
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DISCUSSION DES COMMUNICATIONS 1 & 5.

J. C. PECKER (2). — J’ai lu voici quelques années le travail de Parker
expliquant une importante fraction du géomagnétisme par les mouvements
convectifs dans le noyau terrestre. Que faut-il aujourd’hui en penser & la
lumiére des calculs de Kopal?

H. Rose (2). — Mr. Kopal a étudié la convection dans le manteau et
non dans le noysu ; de plus, il s’agit uniquement de convection due & une
instabilité thermique et I'influence du champ magnétique n's pas été con-
gidérée.

J. C. PeckER (2). — Comment pourrait-on envisager que ces convections
affectent le moment d'inertie de la Terre? Par ailleurs est-il possible quune
action corpusculaire solaire puisse freiner le manteau sans freiner le noyau?
Ces questions se poeent naturellement & qui veut tenter d’interpréter la
relation étroite entre rotation torrestre et activité solaire mise en évidence
par Danjon.

H. Rose (2). — L'existence de courants de convection (matiére moins
dense) et descendants (matiére plus dense) affecte la distribution de densité
dans le manteau et modifie donc les moments d’inertie de la terre ; il est
toutefois difficile dans 1'état actuel de la théorie de définir les cellules de
convection les plus stables pour déterminer I'ordre des moments modifiée
par la convection.

W. C. De MArcuUs (2). — Many people think the earth is chemically
inhomogeneous from depth 413 Km down to approximately 800 Km. Does
not this poesibility throw grave doubt on the significance of the equations
you have used?

H. RosE (2). — Dr. Kopal does not mention any question concerning
this fine structure of the mantle ; certainly, it would be difficult to discuss
rigorously the influence of such an inhomogenuity.

H. E. Sugss (4). — One of the basic questions of Dr. Opik’s, and also
Dr. DeMarcus’ talk is the mechanism of separation of hydrogen from helium.
We observe in meteorites a separation of He from Ne and Ne from Ar ete.
that at least in part cannot have been caused by chemical proceeses. Is
it possible that this separation of the rare gases from each other could
have been caused by a similar process as that which led to a separation of
hydrogen from helium in the outer planets? In the case of the meteorites
slow temperature condensation cannot be an explanation because of the
observed isotope fractionation in Ne and Ar.

E. J. Orx (4). — Differentiation of noble gases and their isotopesin
meteoriter may have been achieved by eecape and diffusion pro.csses in
a reeidual interplanetary nebuls, of the order of 10—* to 10-!* of a planetary
mass. It could not have taken place at an early stage when the mass of a
nebular ring was of planetary order.
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H. SpINrAD (4). — We now may make orude spectroscopic estimates
of the H, atmosphere, and presumably H,/H, ratio by number in the Jovian
atmosphere. The partial pressure of molecular hydrogen is compared to
total pressures derived from the line widths of the NH, and CH, lines in
the red region of the spectrum. If the H, and CH, and NH, absorptions are
at comparable optical depths, then the H,/atmos. ratio => 3 9%, This esti-
mate will be improved shortly.

E. J. Orix (4). — Dr. Spinrad’s estimate is in reasonable agreement
with mine, made by a different method, which gave 2.3 9, H,.

C. SAGAN (4). — Your conclusion that Jupiter has an internal source of
radiation energy depends on an estimate of the fraction of solar energy
absorbed. But the bolometric albedo of Jupiter is very poorly known. If
there is substantial abeorption by Jupiter in the near infrared, might the
radiative output and input then be equal?

E. J. Orix (4). — The bolometric albedo of Jupiter is somewhat un-
certain on account of the near infrared. This covers abouti 40 per cent of the
solar energy spectrum and the uncertainty in albedo must be lees than this.
The excess of 160 per cent over solar input cannot be accounted for in this
mauanner, and much greater is the excess of radiation for Saturn. Both the
giant planets must possees significant energy sources of their own.

J. RésoB. — A propos de cette session, je signale le rdsultat récent
obtenu par H. Camichel et moi-méme par la discussion de nos observations
lors du passage de Mercure devant le Soleil le 7 novembre 1860. Nous con-
cluons aux valeurs suivantes : diamétre apparent d la distance unité : 6”75 +
07702 ; densité : 5,30 4 0,04, soit un peu moins que la Terre.
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SECTION II

THE SURFACES AND ATMOSPHERES



6. — COOPERATIONS INTERNATIONALES
POUR L’ETUDE DES PLANETES :
RAPPORT INTRODUCTIF

Avpouin DOLLFUS
Observatoire de Paris, France

Les diverses communications exposées durant ce ocolloque
résument les travaux originaux effectués par leurs auteurs. Chaque
groupe de travail fait usage de ses propres ressouroes et progresse
dans sa propre spécialité. Par suite, un sérieux besoin de coopé-
ration s'est fait sentir entre les différents Observatoires et groupes
de recherches. Pour tirer tout le parti des efforts individuels, il
apparait désirable de mettre sur pied des coordinations, des nomen-
clatures unifiées, des programmes d’observation oollectifs, des
centres de dooumentation.

Les problémes posés par de teiles coopérations sont parti-
ouliérement délicats. IlIs doivent pro ‘4 r d’une équitable justioe,
tenir compte des divergences d’opinions, des conséquences poli-
tiques, etc. D’autres écueils sont la stérilité par excés de procédure
ou de discussions, sur-organisation ou influences trop prépondéran-
tes. Seul un corps constitué international, de trés haut niveau,
universellement reconnu et expérimenté par une longue pratique
est & méme d'entreprendre une telle tiche aveo une efficacité
suffisante. Cet organisme supérieur dont I'autorité et ’expérience
remontent déja & plus de quarante deux ans est évidemment
YUnion Astronomique Internationale. De fagon plus particuliére,
les problémes de coordination dans I'étude des plandtes sont
assumés par la Commission 16 de I'U.A.L « Ktude Physique des
Planétes et Satellites ».

Consciente du trés rapide développement des recherches
planétaires au cours des dernidres années, la Commission 16 de
I'U.A.L apporte tout son soin & faire face aux besoins croissants,
& préparer les problémes futurs, & éviter toute rupture ou orise
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et & roster disponible pour toutes questions nouvelles qui se pose-
raient & elle.

Avant d’exposer les projets internationaux développés actuel-
lement sous les auspioes de 1'Union Astronomique Internationale,
je me propose de résumer sommairement quelques-uns des travaux
réalisés oes derniéres années par oette Commission.

Les problémes de nomenclature surgirent pour la premiére
fois en 19556 & propos de la planéte Mars. Une Sous-Commission
particulidre a été constitué dans le but d'établir une nomenclature
martienne internationalement unifiée. Le travail a été achevé en
1958 par la publication de cartes, listes de noms et recommanda-
tions, disponibles pour tous les observateurs, et devenues actuelle-
ment d’un emploi courant.

Les problémes de nomenclature et de cartographie se posérent
de nouveau en 1960 pour la Lune & la suite du développement
oonsidérable des recherches lunaires et des dangers inhérents au
manque de coordination. Vers la mé&me époque, la découverte de
nouveaux territoires sur la face arriére de la Lune posa un nouveau
probléme de nomenclature fort intéressant. Ces questions ont
été résolues grioce aux travaux de 1'U.A.L. & 1I’Assemblée Générale
de Berkeley en 1961. Un oomité a été également oonstitué pour
préparer le chemin vers les importants développements prévus dans
I’exploration lunaire & venir.

Des programmes internationaux d’observations ont également
été proposés. En particulier, une importante campagne d’obser-
vation de la planéte Mars a été coordonnée & I'occasion des opposi-
tions périhéliques de 1954, 1956 et 1958. Grice aux contributions
financiéres du Comité Exécutif et de plusieurs autres organismes,

‘une ocoopération a pu e'établir entre différents Observatoires,
partioulidrement aux Etats-Unis, en France, en Gréoe, en Italie,
au Japon et en Afrique du Sud. Plusieurs centaines de photographies
de Mars ont été recueillies et groupées. Plusieurs milliers de mesures
de polarisation ont été relevées sur Mars ainsi que des mesures
photométriques et des déterminations photométriques précises. Les
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résultats obtenus par oe grcs effort international ont déjd fait
I'objet de plusieurs publioations; quelques conclusions nouvelles
seront également données au cours de ce ocolloque et d’autres
résultats de cette large coopération seront encore publiés pro-
chainement.

Un phénomeéne astronomique s’est présenté le 7 novembre
1860 comme circonstance particuliérement propice & des observa-
tions coordonnées. A oette date, la planéte Mercure se projeta
devant le disque solaire. Ce passage fournissait une ocoasion excep-
tionnelle de déterminer de fagon préocise le diamétre du globe de
Mercure primitivement trés mal connu. La planéte se présentait
alors comme un disque noir sur fond brillant de la photosphére
solaire. Trois procédés de mesures ont été recomman-lés & la Com-
mission : aveo micrométre 3 fils — avec micrométre 3 double image
— par photométrie & travers un diaphragme circulaire dont le
diamétre est légérement supérieur & ocelai de la planéte, alter-
nativement centré sur l'inage et la planéte ou sur une région
voisine du disque solaire.

Dix observatoires participérent & ces observations. Six d’entre
eux ont pu recueillir des donnéee, les quat-e autres ayant eu un
ciel couvert. Le résultat des mesures donne pour le diamétre de
Mercure la valeur 6763 + 0707 ; la précision aiteint 1 9,. Les
observations antérieures présentaient des désaccords d’au moins
5 %. Ces résultats seront communiqués dans I'un des prochains
numéros de la revue ¢ Ioarus ».

Un autre objet de coopération fu. la déocouverte en avril 1960
d’une tache brillante sur le disque de Saturne a la latitude élevée
de + 55° Ce phénoméne est trés rare. La circonstance imprévue
fournit la premidre possibilité d’'une détermination précise de la
période de rotation de la plandte a cette latitude élevée. La Com-
mission a demandé, par P'intermédiaire des Ciroulaires de I'U.A L.,
que des observations de passage au méridien soient relevées. Au
moins neuf Observatoires ont envoyé des mesures utilisables et
la période de rotation résultante a été trouvée de 10 h 39m, 9, La
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maniére dont la tache brillante s’est désagrégée a pu également
étre préoisée.

L'un des buts d'un organe de coopération internationale doit
8tre aussi de recommander des snstruments d’observation nouveaux
et de les rendre acocessibles aux observateurs disponibles pour
participer aux programmes collectifs.

Deux appareils ont été spécialement étudiés dans oe but par
la Commission pour ’Etude Physique des Planétes de I'U.A.L

Le premier est un polarsmétre visuel de Lyot. Cet instrument
a pour but de reoueillir visuellement des mesures polarimétriques
avec une précision aussi élevée que 1/1000, sur de petites régions
de I surface du disque des planétes. Le disque planétaire apparait
strié par des franges d’interférence ; I'observateur égalise le con-
traste de oes franges sur la région du disque qu'il a choisi, pour
deux positions alternatives d’une manette. Ces polarimétres sont
oonstruits par la société francaise Jobin & Yvon. Les Observatoires
dont voici la liste sont pourvus de tels instruments ou le seront
trés prochainement et peuvent de la sorte participer & des pro-
grammes oollectifs : Meudon (France) — Athénes (Gréce) — Naini
Tal (Indes) — Kwasan (Japon) — Génes (Italie) — Harvard
(U.8 A ) — Tucson, Arizona (U.S.A.) — Jet Propulsion Laboratory,
Californie (U.S.A.).

Le second instrument est un micrométre biréfringent. Cet
appareil est basé sur un principe nouveau étudié & 1’'Observatoire
de Meudon ; il est reproduit en plusieurs exemplaires par la Société
R. Danger. Quatre instruments sont actuellement en usage. Le
but est de permettre l'utilisation de la technique de la double
image avec des télesoopes de grand diamétre et pour des séparations
angulaires importantes. Par suite, le micrométre biréfringent est
capable de donner des mesures de diamétres planétaires en plusieurs
longueurs d’ondes, avec une précigion voisine de quelques milliémes
seulement. Des déterminations de diamétres ont été réalisées au
Pio du Midi depuis déja dix ans avec le prototype de oet instrument,
In sensibilité avoisinait 3/1000. Des observations plus nombreuses
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seraient enoore néoessaires et pourront étre recueillies dans diffé-
rentes autres stations.

Nous allons maintenant examiner les programmes oollectifs
d’obeervations pholographiques de Vénus en lumidre ulira-violette
actuellement en cours de réalisation entre le 1¢r mai et le 1°f aodt
1962. L’objet de ocette ooopération est 1’étude de la formation,
du mouvement et de 1’évolution des nuages brillants que I'on peut
déoeler dans I'atmosphére de la plandte en utilisant la lumiére
ultra-violette. Une limite inférieure de la période de rotation du
globe pourra également 8tre obtenue ; les lois qui président aux
mouvements convectifs dans 'atmosphére de la planéte pourront
peut-étre &tre préoisdes.

Les photographies recueillies chaque jour dans un seul obser-
vatoire ne permettent pas de résoudre un tel probléme ; I'évolution
des structures atmosphériques est si rapide que 1’on ne peut géné-
ralement pas reconnaitre les formations d’'un jour & l'autre. Par
contre, la coopération entre des Observatoires répartis sous diffé-
rentee longitudes permet une telle tiche ; elle entraine un pro-
gramme oollectif international.

Depuis plusieurs années, un début de coopération a été déve-
loppé™ entre 1’Observatoire du Pic du Midi (France), la station
privée de Brazzaville (Congo), I'Observatoire de 1'Université de
New-Mexioco (U.S.A.). Ces campagnes d’observation ont permis de
trouver & plusieurs reprises trois ou quatre journées consécutives
durant lesquelles des photographies furent recueillies & des inter-
valles d’environ douze heures. Ces doouments seront reproduits
dans la prochaine publication des Transactions de I'U.AL 1l
apparait avec évidence sur oes images que des formations nuageuses
peuvent étre bien reconnues aprés un intervalle de douze heures ;
par oontre, elles le sont trés rarement aprés vingt quatre heures.
Cependant, les olichés reoueillis sont encore insuffisants pour
permettre de résoudre les probldmes proposés.

Une nouvelle campagne d’observation beaucoup plus compléte
se déroule actuellement. Voici la liste, relevée dans l'ordre des
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longitudes déoroissantes, des Observatoires qui participent actuel-
lement & oe programme et qui ont accepté de prendre des photo-
graphies ultra-violettes de Vénus chaque soirée de beau temps :
Observatoire Liok (U.8.A.) — Observatoire Lowell (U.S8.A) —
Station du New-Mexico (U.8.A.) — Observatoire du Pio du Midi
(Franoe) — Observatoire de Milan (Italie) — Btation privée de
Braszaville (Congo) — Observatoire National d’Athénes (Gréoce) —
lee Observatoires du Concile Astronomique de 1’Académie des
Sciences (U.R.8.8.) — Observatoire Kwasan (Japon).
J’ai le plaisir de pouvoir préciser maintenant que oet effort
 international s’annonce déjh comme un suoods. Lorsque j'ai quitté
la France pour assister & ce colloque, j’étais déjd informé qu’au
moins 80 olichés ont 6té réalisés depuis le 1¢r mai. Au moins 54 oli-
chés couvrent la période du mois de mai seulement. Une premidre
étude des dates et heuree relatives & chaque observation révéle
que plusieurs périodes d’au moins trois journées conséoutives sont
couvertes par trois images quotidiennes au moins. Par suite, cette
coopération permettra probablement de résoudre plusieurs des pro-
blémes encore inconnus de la circulation atmosphérique de Vénus
et de sa rotation.
La dernidre partie de oe rapport sera consacrée aux Cenfres
Internationaux de Documentation sur les photographies planétaires.
Depuis plusieurs années, le désir a été exprimé fortement
et fréquemment que soient groupées dans des Centres de Doou-
mentation les trés nombreuses photographies planétaires obtenues
depuis le début du sidcle dans les endroits les plus divers et actuel-
lement réparties dans le monde entier. Les études synoptiques
des planétes ooncernant de nombreuses annéee sont presque im-
possibles & entreprendre si la documentation n’est pas disponible
dans un méme lieu de travail. De plus, des oollections de photo-
graphies de toute premiére valeur, recueillies par les mseilleurs
spéoialistes. & la suite de trés longues et trés patientes observations
nooturnes, resteront complétement perdues pour les études plané-
taires aussi Jongtemps qu’elles demeureront des collections de néga-
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tifs inconnus déposés dans les archives des Observatoires ol elles
furent prises.

Le projet trés important de grouper les collections de photo-
graphies planétaires a été disouté avec besucoup de soin durant
la dernidre Assemblée Générale de I'U.A.IL. ; un Comité spécial a
été désigné dans ce but. Une résolution a été adoptée pour aider
la oonstitution d’au moins deux Centres de Documentation, dont
I’'un serait situé en Europe et I'autre aux Etats-Unis.

J’ai le plaisir de pouvoir faire connaitre officiellement aujour-
d’hui que I'emplacement des deux Centres de données de 1’'Union
Astronomique Internationale est maintenant déeigné. L'un des
Centres sers & 1’Observatoire Lowell, Flagstaff, Arizonas (U.8.A.),
at l'autre & I'Observatoire de Meudon (Franoe).

Le Dr. J. Harr, Directeur de 1'Observatoire Lowell, m’a
écrit que son personnel entreprend actuellement la tiche consi-
dérable de reproduire le trés grand nombre de photographies
planétaires qui ont été recueillies depuis un demi-siécle dans cette
station afin de les rendre immédiatement disponibles & la con-
sultation de toute personne intéreesde par les recherches planétaires.

Jo désire aussi donner ioi des informations directes sur le
travail actuellement développé au Centre de Meudon avec Vassis-
tance de mes collaborateurs, et plus particulitrement de Monsieur
MagiN. Nous avons entrepris de grouper et reproduire tout d’abord
les photographies consacrées & la plandte Mars. 1.108 clichés de
Mars sont actuellement réunis & Meudon et facilement consultables.
740 clichés sont reproduits en diapositifs sur verre, 368 clichés
sont provisoirement reproduits sur papier. Cette trés importante
oollection provient des Observatoires dont voici la liste :

— Observatoire du Pic du Mids (Franoce) : 659 clichés reproduits

. sur verre
— QObservatoire Lick (U.S.A.) : 130 olichés sur papier
— Observatoire de Johannesburg : 76 clichés reproduits
. sur verre
— Observatoire Lowell (U.8.A.) : 63 olichés sur papier
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— Steward Observatory (U.8.A.) : 50 olichés sur papier

— Observatoire Kwasan (Japon) : 54 clichés sur papier

— Observatoire Bloemfountein ¢ 24 olichés sur papier
(Union Sud Africaine)

— Observatoire Mont Wilson et : 21 clichés sur papier
Palomar (US.A.)

— Observatoire de Haute-Provence : 5 clichés reproduits
(France) 8ur verre

7 clichés sur papier
— Observatoires Yerkes (U.S.A.),
Mc Donald (U.S.A.), de Stalingrad (URSS)
The National Science of Tokyo : 19 clichés sur papier
(Japon)

Tous les clichés diapositifs sur verre sont classés et ordonnés
dans des casiers 4 double entrée. Une méme rangée de boites con-
tient les documents montrant la planéte au cours d’une méme
opposition, chaque boite successive groupant tous les clichés
relatifs 4 un méme intervalle de longitude du méridien central
croissant de 30° en 30° d’une boite a la suivante. Les rangées perpen-
diculaires montrent la planéte aux oppositions successives. Il est
facile de la sorte de comparer une méme région martienne d’une
année & la suivante.

Un catalogue détaillé de cette documentation est disponible.
Chaque cliché reporté dans ce catalogue peut étre reproduit et
envoyé sur demande. Les chercheurs qui désireraient consulter
oette documentation internationale sont les bienvenus & 1’Obser-
vatoire de Meudon pour tirer parti de cette collection.

Malheureusement, cette importante collection présente encore
des lacunes. Plusieurs séries de photographies martiennes n’ont
pu encore étre rendues accessibles et reproduites. En raison de
Pimportance de ce travail, nous cherchons & compléter ces lacunes
aussi rapidement qu’il nous est possible. Bien entendu, le travail
photographique de copies de nombreux clichés reste important et
oodteux ; il représente une charge évidente pour 1'Observatoire
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oonoerné. Quoi qu’il en soit, nous espérons que les Directeurs de ces
Observatoires comprendront I'importance du probléme et pourront
apporter leur concours, soit en rendant disponibles pour 1'Union
JAstronomique Internationale les collections de clichés originaux
négatifs recueillis dans leur établissement, soit méme en ocontri-
buant au travail photographique de leur reproduction.

Je me permets de solliciter ces contributions paroe que le
groupement de tous les documents photographiques planétaires
existants prend une importance particuliére & 1’époque critique
actuelle o2l s’ouvre ’exploration directe du systéme solaire et aussi
parce que tout document manquant ne peut que réduire la valeur
des études synoptiques sur les planétes déja si difficiles & entre-
prendre.
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7. — GENERAL REPORT ON RADIATION TRANSFER
IN PLANETS :
SCATTERING IN MODEL PLANETARY ATMOSPHERES

d. C. vaxn pe HULST and W. M. IRVINE
Letden Observatory, Leiden, Netherlands

1. INTRODUCTION

There is a vast literature on radiative transfer theory. Chan-
drasekhar’s book in 1950 was very oomprehensive, but work
has continued. and by now we may examine besides numerous
papers and reports at least five books for further detailed methods
and results (1) (?) (*) (**) (**). The work of Ueno, consisting of about
20 papers, might also be considered as a book (see for instance (*?)).

In front of this pile of achieved work we have asked the simple
question : T'o what extent is this work helpful in inlerpreting present
(or future) observations of planetst To our surprise the answer to this
question is still disappointing. There are still many simple questions
to which one would like to heve a simple answer, which just is not
available. It turns out that either the question has never been
raised in that form, or the answer has been obtained in principle,
but nobody has gotten around to computing the values of the
required functions.

We feel that there often has been undue emphasis on mathe-
matical method and form of presentation, even in the work of ihe
professed astrophysicists. In our opinion, a proof of existence or of
convergence may be avoided whenever it is possible to refer to
the perfectly definite physical meaning of the quantities involved.
We think this is legitimate in a study of models aimed at application
to astrophysics. And more emphasis could still be placed on graphs
and tables as end products, rather than formulae. Much has been
done in this direction for finite plane-parallel atmospheres both
with isotropic and with Rayleigh scattering, but even for these
relatively simple phase functions there still is an unoomfortable
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gap for optical thicknesses in the range 1 < t; < . Transfer pro-
blems of ‘direct physical importanoe, say, referring to the radiation
balance and the greenhouse effect, or to polarization of light diffu-
sely reflected from clouds, have often been made with the crudest
mathematics. This could be remedied fairly easily.

In reviewing the data now available we have taken an earlier
review (%) in 1949 as a oonvenient starting point. In the present
paper, however, our aim has been confined to reviewing the proper-
ties of simple models. We omit a critical discussion of observational
data and any discussion of the physical theory of pressure and
temperature distribution.

The review is grouped under five headings :

IL Nearly isotropic scattering,

III.  The scattering diagram of large drops,

v The method of sucoessive scattering,

V. Absorption bands,

A4 ¢ Variations on the standard problem.

II. NEARLY ISOTROPIC SCATTERING

We include isotropic scattering and Rayleigh scattering in this
section because they both have been used rather extensively in
transfer theory and because Rayleigh scattering is not vastly
different from isotropic. In particular, we define the asymmetry
factor g for a given particle phase function ® (cos «) as the weighted
mean of the cosine of the scattering angle with the phase function
as weighting function. That is,

—_ 1
g=oosa=-J. d (cos a) co8 a ¥ (cos a) (1)
2J,

(when necessary, an average over polarizations must be included).
Then g is zero in both these cases. This means that in many model
caloulations not involving polarization the results for ieotropio
scattering and Rayleigh scattering may be expected to be roughly
gimilar.
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Two further phase functions have been employed, namely

a. The Rayleigh phase function (Rayleigh scattering ignoring
polarization)

P (x) =%(l + cos? a)

We can forget about this possibility now that better data on actual
Rayleigh scattering are available.

b. The phase function
P(x)=1+4zco8a
This has been used by several authors (!!) (3?) (**) as a test case
for asymmetric phase functions. This is quite suitable for small
asymmetries. However, the asymmetry factor belonging to this
phase function is
g=2/3

Since z can be at most 1 (then the backscatter becomes 0), g can
be at most 1/3, which is too small to serve as a test case for acatter-
ing by droplets. For this reason we suggest in section III a phase
function in which g can go all the way from 0 to 1.

About the isotropic scattering itself nothing new of great
importance can be reported. Since the appearance of Chandra-
sekhar’s book the X- and Y- functions for finite plane-parallel
atmospheres with 1, = 0.05 to 1 and various albedo values have
been tabulated (3) (°). In addition, values of these functions are
available for selected values of the albedo a (less than 1) for t,
in the range 1 < r, < 10 (®).

Reference should also be made to the very thorough numerical
results for the H- functions (semi-infinite atmosphere) given by
Stibbs and Weir (), which includes the approximation by poly-
nomials of the complete set of H- functions

0<a<],p=0(0.05)1)

Further, a good deal has been done about the firmer mathe-
matical foundation of the methods used (Busbridge’s book), as
well as about new methods or new variations on old methods
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(e. g., Sobolev’s and Ueno’s work). These latter authors consider
radiative transfer as a problem in stochastic theory. None of this
is of particular relevance in the present context.

The transfer of radiation in an atmosphere with Rayleigh
scattering has always been considere.! as a master problem. In it
the mathematical complexities arising from anisotropic scattering
and from polarization are combined, and a direct test can be found
in the blue daylight sky.

A complete solution was first given by Chandrasekhar in
several papers in 1946-47 and repeated in his book Radiative
Transfer. Theoretical novelties since that time are Lenoble and
Sekera’s disoussion of the correction for curvature in a spherical
Rayleigh atmosphere (*°) and Mullikin’s more careful evaluation
of the restraints to be placed on the solutions of the integral
equations (), Full tables concerning the illumination and pola-
rization of the sunlit sky by Chandrasekhar and Elbert appeared
in 1954 (4).

Further numerical tables based on the same formulae had in
the mean time been computed under the direction of Z. Sekera
in various reports and papers. Sekera’s handbook paper (**) gives
full details. More complete tables by Coulson, Dave and Sekera
have recently appeared (®). This book gives equally extensive tables
on the light emerging from the top of the (planetary) atmosphere,
as it gives on the light visible at the bottom of the (earth) atmos-
phere. Surface aibedos adopted are A = 0, 6.256 and 0.8 ; optical
depths are t, = 0.02, 0.05, 0.16, 0.15, 0.25, 0.50, 1.00. Several
results from these latter calculations have been presented with
comments and graphical illustrations by Coulson in two papers
in 1959 (*) (7). A very useful presentation of these results in the
form of maps has been given in a separate report (*4), from which we
reproduce for illustration figure 1.

As a further illustration, which has a direct interest in the
interpretation of now available data, we present figure 2. Here
the degree of polarization has been plotted for a planet in exact
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N ____

Fig. 1. — Degree of polarization of & planet covered with a Rayleigh atmos-
phere with optical depth 1.0 for three different values of the surface albedo.
The angle of incidenoce is 36.90 degrees (from (™)).
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opposition. The abscissa is r/r, = V/ 1 — cos? (angle of incidence).
All polarizations are negs tive, which means that the plane of electric
vibration is in the prime meridian (in the plane containing the
normal and the direction of incidence). That this must be so can
readily be seen for a thin atmosphere above a black surface (A = 0)
viewed in an oblique direction — the primary scattered radiation
has p = 0, but the illumination leading to secondary scattering
oomes predominantly from directions giving negative p.

A=0 A=08
-p -
.08 08
- ‘ "
04 '\I‘\ x 172
.oz 1= '\ o2~ r-.‘k
i L
i = °f% 02 | .
W s "5 W s & 1 s
/r %

Fig. 2. — Degree of polarization near the limb of a planet in opposition cove-

red by a Rayleigh atmosphere. Calculations for two values of the surface

albedo A and five values of the optical depth. Obeervations (vertical hatching)
by Lyot for polar areas of Jupiter.

The full curves in the left and right figures (v, = ) are the
same a8 the curve given in Figure 35 of the 1949 review paper (¢).
The observed data show the approximate position of Lyot’s
polarization measurements for Jupiter’s polar areas (*).(*) The
curves for finite T, were constructed from the new tables of Coulson

(*) These correspond to the range of polarization displayed by the four
illustrative examples in Lyot's Figure 14 ; his table X shows that these were

typical. We are grateful to Dr. T. Gehrels for pointing out that Lyot’s data
were incorrectly plotted (faotor of 2 in the abecissa) in Figure 35 of (3¢).
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et al. (%), It is to be noted that the polsrization for v, = 0.5 and
1.0 exceeds that for a semi-infinite atmosphere if there is no
reflection from the surface. Since the observed albedo of Jupiter is
about 0.73, the curves appear to confirm the tentative explanation
given in (*). The polar areas seem to be covered by a fairly thick
Rayleigh atmosphere (0.5 < t, < 1). Farther from the limb
(r/ro < 0.8) this atmosphere is considerably thinner, indicating
that the underlying clouds are relatively higher as we approach the
equatorial zone.

The observations suggest a tendency for the polarization to
become positive for r/r, < 0.7. A tendency for positive polari-
zation might arise from two effects.

a. If the opposition is not exact, the primary scattered
radiation is positively polarized. An angle of 170° instead of 180¢
would give p = 0.004 for the primary scattering ; hence this effect
is small,

b. If the surface does not reflect according to Lambert’s law
(as assumed by Coulson et al.) but shows limb darkening as seen
from a point within the atmosphere, the radiation which is scattered
once after reflection from the surface is again positively polarized.
This effect may be more substantial.

II1. SCATTERING DIAGRAM OF LARGE DROPS

The actual scattering diagram of a cloud droplet or aerosol
particle is very complex, even when a distribution of particle sizes
is assumed so that the fiercest intensity peaks are smoothed out.
Nonetheless, we believe that a great deal of useful information
could be obtained by approximating such a. scattering diagram by
means of the simple phase function first introduced by Henyey
and Greenstein (19),

1—g*

Ol = A P —2gos el

(2)
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g is for this phase function just the asymmetry factor defined by
eq. 1. The g may range all the way from O for isotropic scattering
to 1 for an infinitely narrow forward beam (g may also take negative
values if predominantly backward scattering is considered, such as
occurs for small spheres with a very large refractive index m).
The quantity oos « can, of course, also be defined for the true
particle scattering diagram. It is closely related to the radiation

pressure exerted on the scattering particle, and is in fact given by
S
Cl“

where C,,, C,,, and C,, are the cross sections of the particle for
extinction, scattering, and radiation pressure (}7).

The value of cos« corresponding to the actual scattering
diagrams of particles has been discussed by van de Hulst (17) (14).

A formula expressing cos « in terms of a series involving the Mie
coefficients and valid for spheres of arbitrary size and complex
refractive index is given in sec. 9.32 of reference (!%), as are some
approximate results for special cases of this formula. Numerical
results are given for totally reflecting spheres and for very large
dielectric spheres. These last results, which were taken from a
paper by Debye, are reproduced in Table 1. -

Tasrk I

Weighted mean of the cosine of the scattering angle for apheres large compared
to the wave length

refr. index o8 &

Y

m with diffraction without diffraction
1.00 1.00 1.00
1.1 0.96 0.92
1.333 0.87 0.74
L5 0.82 0.64
2.00 0.70 0.40
3.00 0.53 0.10
4.00 0.62 0.04
o o] 0.50 0

1.27-1.32i 0.78 0.14



For these large spheres half of the scattered light is in the
form of a narrow forward-direoted diffraction oone and the question
naturally arises whether this diffraction should be included and,
therefore, which of the two quantities y and cos « from Table 1
should be used in the Henyey-Greenstein phase function (2).
In some cases it may be best to choose g = y at the same time
taking the scattering cross-section as that due to reflection and
refraction alone thus treating the diffracted light a8 though it were
unscattered.

The last line of Table 1 shows the effect of absorption in a
large sphere (sec. 14.23 of reference 17). The absorption cuts out
the refracted light, which greatly affects the value of y whereas
008 a is diminished only slightly as compared to the value for m =
1.27.

With diminishing size of the spheres, the diffraction pattern
widens and cannot be distinguished any longer from the reflected

L
20

/

2F

A

D8

Fig. 3. — Dashed curves : Total intensity scattering diagram for droplets
with m = 1,38 and two values of the size parameter x = 2ra /). Solid curves :
Henyey-Greenstein phase function for g = 0.5 and 0.75.
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and refracted light. In these circumstances it is necessary to use

g = 008 «. Numerical data could easily be computed from the Mie
formulae. They are indeed available in the literature, for g is 1/3
of the coefficient A, tabulated in (30) and unpublished reports by
the same authors.

In figure 3 we compare the scattering diagram of spherical
water droplets for two values of the size parameter z = 2rafA
(e = radius) with the Henyey-Greenstein phase function for g = 0.5
and 0.75. It would seem that a value of g slightly less than 0.75
would provide a reasonable approximation to the actual curves

(we have not calculated cos « or y directly from the droplet scat-
tering diagrams). We have also drawn similar curves (not shown)
for a distribution of sizes around the given values of z, based on the
work of Houziaux and Battiau ('*). These were not greatly different
from the curves for a single size.

The agreement shown in Figure 3 is by no means excellent.
It is obvious that this could be improved by using a more-parameter
formula. For the moment, however, a qualitative exploration of the
effects of asymmetry by the formula (2) with one parameter only
seems preferable.

IV. METHOD OF SUCCESSIVE SCATTERING

It is well known (%) that in the case of isotropic scattering
the intensity of radiation in a plane-parallel, homogeneous layer
may be developed as an infinite series, the n-th term of which repre-
sents radiation which has been scattered just n-times. Exactly the
same thing may be done in the case of anisotropic scattering accord-
ing to the phase function (2). Once the incident intensity I, is given,
we may prooeed in order to find S, (the source function for onoce-
scattered light), I,, S,, etc. We wish to point out particularly
two facts in connection with this method of successive scatiering
which seem to have escaped prior notioe.

First, let the resulting intensity of the n-times scattered
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radiation in the absence of absorption and for an optical depth
7, be denoted by I,, so that the total intensity is

I=ZI,..

Now let us introduce an arbitrary albedo a for the scattering
particles, and in addition immerse these particles in a homo-
geneous absorbing, but non-scattering, gas. The extinction coeffi-
cient for the atmosphere will then be the sum of three terms :
a, the scattering coefficient caused by the particles ; x, the absorp-
tion coefficient caused by the particles; and x, the absorption
coefficient caused by the gas molecules. Each coefficient may be
defined to have the dimension length-! (number density times
cross section). We set the ratio of particle extinction to total
extinction equal to p, so that

a= -2 (3)
_-c-m_:‘:_‘;(,
¢+ %

p=. 2 T* 4

P= e xtx, (4)

If we now choose the geometric thickness of the atmosphere such
that the optical depth is still v,, we find that the total intensity is
given by

1= (aprl, (5)

"

where I, still represents the functions found for the conservative
case (@ = p = 1). That is, we may express the solution for arbi-
trary particle albedo and absorption coefficient of the gas in terms
of the solution in the absence of absorption, if we use the same
total optical depth 7, in both cases. It should be noted that this is
not the situation encountered inside and outside a gas absorption
line, where the tolal optical depth will be greater inside the line.

We also observe that only the product ap, which may he
called the effective alledo, enters the equation (5).

The usefulness of this method depends on the rapidity of
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convergence of the infinite series, and the accuracy with which
terms of higher order may be approximated.

Our second point of emphasis is the expectation on physical
grounds that ag n — oo, the ratio of successive terms, I,., /I,
or S,., /S, approaches a constant % that is independent of angle,
depth in the atmosphere, and of tne original source of the radiation
(incident radiation or sources within the layer). y is in fact an eigen-
value defined by just the equation which determines in neutron
transport theory the critical chemical composition of a medium
for it to have a self-substaining neutron flux (cf. (°)). In the present
case v~ ! is that value, greater than one, which the particle albedo
would have to assume in order for the newly generated energy to
compensate exactly the losses of radiation taking place at both
surfaces of the layer.

If our intuition is correct, then the factor 7 is a function of g
and t,. It should be relatively easy for computational purposes to
check when I,., /I, becomes sufficiently independent of angle
and optical depth in the layer so that it repeats at the next n.
From that value of » on, the sum of the series in the method of
successive scattering may be replaced by I, / (1 — v), the sum of a
geometric series.

We have recently made some preliminary machine calculations
based on the method of successive scattering, both in the case of
parallel radiation incident on a finite atmosphere and for a homo-
geneous distribution of sources within the atmosphere. In all cases
the expectation expressed above has been confirmed. Earlier desk
computations by van de Hulst and Davis (%) for a homogeneous
source distribution also found a rapid approach to a geometric
series. In figure 4 we illustrate all the values of 5 that, to our know-
ledge, have been found for various g and t,. The results for t, = 0.8
and 0.5 are taken from (%), and the other points are new.

If we assume that the v factor exists, then, when the scattering
is isotropic, approximative formulae may be found fairly simply.
Figure 5 is based on such formulae. The lower curve was found by
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taking the ratio of the first to the zeroth order source funotion,
each averaged over optical depth in the layer <, for the case of &
homogeneous distribution of sources in the medium and no incident
radiation. The upper curve was obtained on the assumption that
near the top and bottom surface of an optically thick atmosphere
with such a distribution of sources, the source function would be
approximately that of a semi-infinite atmosphere with a constant
net flux.

15

B

0

0 .25 5 J5 9 10

Fig. 4. — Ratio y between successive scatterings as a function of optical
depth r, and asymmetry index g. Only the points indicated have been
computed.

Figure 6 and figure 7 give some results from our new calou-
lations for the integrated intensity reflected from a Henyey-
Greenstein atmosphere illuminated by parallel radiation incident
normally.
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Fig. 5. — Ratio n between successive scatterings for isotropic scattering.

Approximations valid for emall 7, and for large t, are shown, as well as

two points exactly computed. The abscissa corresponds to a linear scale
of 7, /(1 + 7).

%
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o8}
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% + w5

Fig. 6. — Reflectivity of a Henyey-Greenstein atmosphere of optical depth
7, = (.25 for normal incidence and unit partiole albedo as a function of the
asymmetry factor g (Calculated pointe g = 0, 0.25, 0.50, 0.75).
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Fig. 7. — Proportion of once-scattered light in the integrated flux reflected
from a Henyey-Greenstein atmosphere of optical depth 7, = 0.25 for normal
incidence and unit particle albedo as a function of g.

V. ABSORPTION BANDS

For a wavelength interval in which the atmospheric parameters
a, g, p, and T, are constant, the inclusion of absorption in the pro-
blem is accomplished very simply (eq. 5). Within an absorption
band, however, these parameters will in general vary so rapidly
that their values at a given frequency cannot be seperately measured
or computed. Only certain averages characteristic of the band as
a whole will be known, and the previous analysis does not apply.

The effect of absorption will be dependent on the length of
path travelled by a beam of light, so that we are led to consider
P, () dl, the probability sn the absence of absorption that a photon
contributing to I, has iravelled on optical path for scattering between
l and 1 + di. If, in addition to this probability the average trans-
mittance ¢ (§) for a geometric path £ at the particular wavelength
interval is sought, the final intensity will again he given by an
infinite series. Each term of the series will be a product of the
intensity of the n-times scattered light in the absence of absorption
I,, times a factor depending on the transmittance ¢ and the
probability for a given path length P,. This last factor represents the
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attenuation due to absorption. Indicating explicitly the dependence
of the intensity ou optical thickness of the atmosphere t, and
optical depth within the atmosphere t, we find for the desired
intensity

I67) = L on,ob) [ @R o). (®)
» 0

z is the geometric depth of the point of interest and 4 is the geo-
metric thickness of the layer. Observe that, in contrast to eq. 5,
I and I, are here evaluated for different optical depths, but for the
same z and h.

] 4 1 ] 1 |
0 1 2 3 3 [3
Fig. 8. — Mean optical path travelled by once scattered light reflected from

a Henyey-Greenstein atmosphere of optical depth t, and unit particle albedo
for angle of incidence = angle of reflection = Aro cos @.

If the probability P, (I) is known, we may also find

l @
<a>.=aj'°dur,a) (1)
and

<E>=3 <&>L /DI (8)

the mean geometric path travelled by light scattered n times and
this mean for the total intensity, respectively. The latter quantity
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is important in any attempt to determine abundances of molecular
species by comparison of observed absorption lines with laboratory
spectra formed for a known path length.

In order to find the probability of a given optical path P, (i),
we subdivide the intensities and source functions from the method
of succeesive scattering into contributions corresponding to various !
so that

I, = rdl W. )
0

and
Sy = diJ, (l)
)

P, (I) is then obviously given by the ratio
W, (@
=0 ®
The sucoessive terms W, (I) may also be found by the method
of successive scattering. In this way we have obtained for reflected
light

Pn (l) =

e—l

P, () =!
1) ‘g 0 — e WM o <l <18 + 8(r;—1) (10)
0 otherwise

where

8’ = sec (angle of incidence) > 0,

& = sec (angle of reflection) > 0.
From eq. (10) may be found <l>; = ¢ <§>,, the mean optical
path travelled by once-scattered radiation reflected from a conser-
vative atmosphere. In figure 8 <I>, is plotted as a function of
optical depth for the case (angle of incidence) = (angle of reflection).
It is seen to be independent of the asymmetry factor g and of
azimuth.

<>, approaches unity as v, - o or as we approach grazing
incidence.

For light reflected from a semi-infinite atmosphere a general
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expression for P, (J) may be found by equating (5) and (6) at a given
infinitely narrow wavelength interval. The result is extremely
simple,
e~ -1

Pa) =gy (11)
which 18 independent of angle and of the particle phase function in
all orders of scattering. From this result it follows that

<I>,=n

for reflection from & semi-infinite atmosphere.

VI. VARIATIONS ON THE STANDARD FROBLEM

Up to this point we have been considering primarily the
following idealized standard problem. A plane-parallel, homoge-
neous gas, is illuminaied obliquely from above by monochromatio
radiation from a distant source. The intensity of radiation I (<, 6, ¢)
is sought as a function of optical depth from the top of the layer
to the point considered and of two angular coordinates. This
intensity will also depend upon the angle of incidence 6, and the
parameters characterizing the atmosphere, g, ,, and the product
ap.

For an interpretation of phenomena in planetary atmospheres
several additional variations and complications should be intro-
duced ; the manner to cope with these may be judged after the
standard problem has been solved. Among these added compli-
cations we mention :

a. A diffusely reflecting surface below the atmosphere. This
doese not introduce much of a difficulty, compare (1%) or (3).

b. Different scattering patterns for different polarizaticns.
If these oould be introduced without appreciably complicating the
form of the expression (2), the work might be approximately
mvltiplied by - factor 4 (four Stokes parameters). However, it is
questionable whether this oould indeed be acoomplished.
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c. Scattering patterns corresponding to actual particles or droplets.
Even if a mixture of sizes is assumed 80 that the fiercest peaks in
intensity and polarization are smoothed out, the problem would
still seem extremely difficult (compare (17)).

d. Broad-band molecular absorption. See section V.,

e. Inhomogeneous atmospheres. Variations of particle size or
composition, particle density, and the ratio of molecular absorption
to particle extinction will occur in most practical applications.
They can be introduced in any solution method at the expense of
more numerical work. A theoretical treatment of this question has
been given by Yanovitskii (2%), who, however, includes no numerical
results.

f. Curvature of the atmosphere. This complication may not
often occur together with the ne -1 to consider strongly anisotropic
scattering.

g. Local illumination or shadow. If the incident light differs in
any way from a parallel, infinitely extended beam, the radiation
field depends not only on the depth but on two further coordinates
of position in the atmosphere. Such problems occur, for example,
upon illumination by a narrow search light beam, by a point source
close to the atmosphere, or in cases where integration over the solar
disk is required. The solution is bound to be more complex than that
of the standard problem. If such problems are solved, other ques-
tions for instance, regarding the visibility of surface details and the
sharpness of the shadow of a natural or artificial satellite above
the atmosphere, may be answered with ease. :

h. Time dependent problems. A beginning in this direction has
been made by Sobolev (). Much more has been done in the litera-
ture on neutron diffusion.
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8. — GENERAL REPORT
ON PLANETARY RADIO ASTRONOMY

CorneLr H. MAYER
Radio Astronomy Branch
U. 8. Naval Research Laboratory
Washington, D.C., U. S. A.

Some results of the radio observations of the planets which have
been made over the past few years are well known. For example,
the centimeter wavelength radiation from Venus with a thermal-
like spectrum which suggests a temperature in exoess of 550° K
at the solid surface ; the very intense, burstlike decameter radiation
from Jupiter which appears to come from localized regions which
rotate with a period slightly shorter than the system II period ;
and the partially linearly polarized decimeter radiation which comes
from an extended region in the equatorial plane of Jupiter and
which seems to be the radiation of electrons trapped in the magnetic
field. The evidence leading to these results is probably not so well
known, and in the short time available it may be most useful to
mention some of the evidence as well as some of the questions
which need to be answered.

MERCURY, MARS, AND SATURN

First, the few reported observations of the very weak radio
radiation from Mercury, Mars, and Saturn are summarized in
Figure 1. These are the only planets other than Venus and Jupiter
from which radio radiation has been observed. The observations of
Mercury were especially difficult because of the very low intensity
of the planetary radiation and because of the interference from the
much more intense solar radio radiation which was picked np by
the minor lobes of the antenna reception pattern. The observers,
Howard, Barrett, and Haddock, have derived a value for the tempe-
rature of the subsolar point of about 1000° K from the measurement
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which is higher than the temperature expected from solar heating
and the temperature of 610°K derived by Pettit and Nicholson
from infrared observations. The discrepancy is, however, compa-
rable with the uncertainty in the radio measurement.

RADIO OBSERVATIONS OF MERCURY, MARS, AND SATURN

? T, Tag
m ‘KK
MERCURY 3.45. 0.05 350 Howard, Barrett and Haddock
3.75 85-~foot Reflector, 1960-61.
\IARS J.15 0.24 218 50 Mayer, McCullough, and Sloanaker
50-foot Reflector, 1956.
MARS d.14 0.08 211+ 20 Giordmaine, Alsop. Townes. and
Mayer,
50-ioot Reflector., 1958.
SATURN 3.75 ~0.04 - - - - Drake and Ewen
28-foot Reflector. 1957.
SATURN 3.145 0.10 W6 £ 21 Couk. Cross, Bair, and Arnold

85-foot Reflector. 1960

Fig. 1

The observations of Mars were made near favorable oppositions,
and the observed blackbody disk temperatures at about 3 cm
wavelength are not much different from the estimated average
temperature over the planet. For example, the average radiation
temperature computed by Kuiper is 217°K. This close comparison
supports the interpretation that these waves penetrate the atmos-
phere and some distance into the crust of Mars, although the present
data are insufficient for a definite interpretation. The measured 3 cm
radio emission of Saturn again seems consistent with thermal
radiation from the body of the planet, although the measurements
are sparse.

VENUS

The observed radio radiation from Venus shows several out-
standing charaoteristics which can best be seen from illustrations,
and the data plotted in Figure 2 summarize the results of the obser-
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vations. At wavelengths near 3 cm, 10 cm, and 21 om the observed
intensity is nearly twice that which was predicted for the thermal
radiation of the surface of Venus. In spite of this, the observed
dependence of the measured flux density on the inverse square of
the wavelength corresponds to a nearly oconstant brightness
temperature under the assumption that the size of the radiating
region does not depend on wavelength. The millimeter wavelength
radiation, however, gives a different result. As was originally disco-
vered by Gibson and McEwan working at 8.6 mm, the intensity

RADIO SPECTRUM OF VENUS
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Fig. 2

measured at wavelengths near 8 mm and 4 mm is more nearly that
to be expected of a blackbody having the angular size of Venus and
a temperature of 350 or 400°K. The measurements plotted here are
published values or reliable unpublished values from The Lebedev
Physical Institute at 4 mm, 8 mm, 3.3 cm, and 9.6 cm ; The Naval
Research Laboratory in Washington at 4.3 mm, 8.6 mm, 3.15 om,
3.37 cm, 3.4 om, 9.4 ocm, and 10.2 em ; The National Radio Astro-
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nomy Observatory in Green Bank at 3.75 cm, and 10 om ; and the
Harvard College Observatory at 21 om.

Another important characteristic of the observed radio
radiation from Venus is the apparent minimum of emission which
has been observed near inferior conjunction and which suggests a
dependence of the radio emission on the phase of solar illumination.
An indication of such an effect was noted in the earliest observations
in 1956, and indications have appeared in most of the more recent
series of observations which have covered a sufficient phase interval.
It has proved difficult, though, to definitely establish the existence
of a phase effect for several reasons. The intensity of the radiation
reaching the earth falls of rapidly on either side of inferior con-
junction because of the increasing distance of Venus, and acourate
observations can be made for only a limited time centered on inferior
conjunction. Further, systematic errors hecome serious over long
time intervals and limit the accuracy of fitting together measure-
ments made at different times and possibly with different apparatus.

The most complete published evidence for a phase effect is
shown in Figure 3. This is the result of a long series of observations
which were made in 1961 at 10 cm wavelength by F. D. Drake
using the 85 foot reflector at Green Bank. During these observations
a special effort was made to maintain constant calibration and to
minimize systematic errors. These observations indicate a small
minimum in the emission at about 17 degrees after inferior con-
junction and a variation from a minimum blackbody disk tempera-
ture of 583°K to an extrapolated maximum of 661°K. The occur-
renoe of the minimum after inferior conjunction can be interpreted
as an indication of retrograde rotation of Venus.

In addition to the evidence shown here, the observations of
Kuzmin and Salomonovich at 8 mm in 1959 suggested a much
larger phase effect, and the observations made at the Naval
Research Laboratory, Washington near 3 and 10 cm between 1956
and 1959 also suggested a larger effect. Venus was observed exten-
sively during 1961 at both the Lebedev Inatitute and at the Naval
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Research Laboratory and the results will be presented at this
meeting.

At this time there is no evidenoe for long term variations in the
radio radiation from Venus which are not connected with the phase
of solar illumination and which might indicate seasonal or rotational
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PUBL. N.R.A.0., Vol. 1, No. 11, 1962.

Fig 3.
effects. The possibility of short time fluctuations has however been
suggested. Most observers have felt that the variability in their

measured intensities of Venus did not differ significantly from the
expected experimental scatter. Recently, though, the obeervers at
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the Lebedev Institute have raised the possibility that their measu-
rements of the 9.6 cm radiation from Venus made in 1961 show
greater scatter than they would cxpect from experimental effects,
and they suggest that such variability may indicate the existence
of an ionospheric component of the radiation. On the other hand,
the measurements of Drake at 10 cm which were shown were made
over the same period of time in 1961 and apparently show no
evidence for variability, at least not of more than a few percent
above the expected experimental scatter.

A fair amount of observational information on the radio
emission of Venus has now been accumulated, and several of the
general characteristics which were inferred from the earlier and less
complete results have now been verified. The observed spectrum at
wavelengths between 3 cm and 21 cm is consistent with the thermal
radiation of opaque material. The disk of Venus radiating as a
black body at a temperature of between 550°K and about 600°K
would explain the observed intensity of radiation from the dark
hemisphere. The corresponding value for the sunlit hemisphere
can only be estimated from extrapolations of observations at large
phase angles to be about 660°K at 10 cm and perhaps 50°K greater
than this at 3 cm wavelength. The emission apparently drops
suddenly between 3cm and 8.6 mm. The observed spectrum
between 4 mm and 8.6 mm is again consistent with thermal radia-
tion from opaque material, but this time the blackbody disk
temp. rature is 350 to 400°K near inferior conjunction.

This spectrum could be produced either by thermal radiation
of material at or near a hot solid surface beneath a cooler atmos-
phere which is transparent at centimeter wavelengths but only
partly transparent at millimeter wavelengths ; or of a very exten-
sive ionized atmosphere with a high effective temperature which is
opaque at wavelengths longer than about 3 cm, but transparent
to the radiation of & relatively cool solid surface at millimeter
wavelengths. The main difficulty with the hot surface hypothesis is
to find a way to maintain such a high temperature. Two possibilities
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have been given serious consideration ; the greenhouse mechanism
oonsidered mainly by Dr. Sagan and the aeolosphere model of
Professor Opik. The recent work of Dr. Spinrad gives other evidence
of high temperature in the atmosphere of Venus which lends
additional support to the hypothesis that at least a large part of
the observed radio radiation is the thermal emission of a hot solid
surface.

The main difficulty with the ionosphere hypothesis is to find
a way to maintain an ionized region dense enough to be opaque to
such a short wavelength as 3 cm. Densities of the order of 10° cm-3
are required. The results of the recent radar observations are also
difficult to reconcile with such an ionosphere. The possibility of
non-thermal emission has also been considered. The radiation of
electrons trapped in the magnetic field of Venus does not seem at
all promising as an explanation of the observed spectrum, and
attempts to detect a linearly polarized component of the radiation
have given negative results. A suggestion has recently appeared
in the literature that the conversion of energy incident on Venus
to radio radiation through discharges between charged particles
about 1 mm in diameter could account for the observed radio
radiation. It appears that much more work is necessary before this
suggestion can be evaluated.

It is hoped that space probe measurements will soon help to
answer the questions about Venus, but in any case radio observations
from the earth should be able to settle the question of variability,
determine the phase effect, fill in the spectrum particularly the
important transition region between 8 mm and 3 cm, and search
at longer wavelengths for evidence of non-thermal radiation and
effects of the ionosphere of Venus. With these questions answered
the explanation of the radio emission of Venus should be much less
difficult.
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JUPITER

The observations of Jupiter in the decimeter wavelength
region have produced spectacular results in the few years sinoe
1958 when BSloanaker's observation of an unexpectedly high
intensity at 10.3 om stimulated intevest in the radiation at these
wavelengths. The identification of a non-thermal component of the
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PHYSICS TODAY, APRIL, 1961

Fig. 4

decimeter radiation followed, and the spectrum in Figure 4 illus-
trates a possible separation of the thermal and non-thermal com-
ponents based on the assumption of thermal radiation at 130°K
at all wavelengths. The observations at wavelengths between
3 om and 4 em, where the radiation is thought to be predominantly
thermal, give blackbody disk temperatures between 1400K and
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JUPITER

The observations of Jupiter in the decimeter wavelength
region have produced spectacular results in the few years since
1958 when Sloanaker’s observation of an unexpectedly high
intensity at 10.3 cm stimulated interest in the radiation at these
wavelengths. The identification of a non-thermal component of the
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decimeter radiation followed, and the spectrum in Figure 4 illus-
trates a poesible separation of the thermal and non-thermal com-
ponents based on the assumption of thermal radiation at 1309K
at all wavelengths. The observations at wavelengths between
3 cm and 4 om, where the radiation is thought to be predominantly
thermal, give blackbody disk temperatures between 140°K and
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about 200°K so that the assumed value of 130°K used here is
probably somewhat low, but this is not important to the general
meaning of the diagram. It was on the basis of this kind of speotrum
that F. D. Drake proposed that the decimeter radiation was of
non-thermal origin and was due to electrons trapped in the magnetio
field of Jupiter in analogy with the van Allen belts of the earth.
Although the different observers were in general agreement on the
relative wavelength independence of the Jupiter decimeter radiation
there was not agreement with regard to the variability of the
radiation. Some observers found evidence for variations with the
rotation of Jupiter or with time, or both, while others found no
variation. Among the early observations the strongest evidence
for a variation of the measured intensity with the rotation of
Jupiter was found by McClain, Nichols, and Waak who observed a
variation of about 30 9, at 21 cm wavelength at the System II
(or for this short interval also System III) period.

The very important observations of Jupiter made using the
twin 90 foot reflector interferometer of the Owens Valley Radio
Observatory first by Radhakrishnan and Roberts and more
recently by Morris and Berge have supplied several crucial results.
The measurements show that the Jupiter decimeter radiation is
partially linearly polarized with a degree of polarization of about
30 percent and with the electric vector approximately parallel to
the equator at both 22 cm and 31 cm ; that the equatorial diameter
of the radio source is about 3 times the visible diameter at both
wavelengths ; and that the polar diameter is about the same as the
visible diameter. The failure to observe a strong wavelength depen-
dence in the polarization and source size is taken as evidence favor-
ing synchrotron radiation where each elestron radiates over a range
of wavelengths. Morris and Berge also made the importent obser-
vation that variations in the direction of the polarization with the
rotation of Jupiter indicate that the magnetic axis is inclined by
about 9 degrees to the axis of rotation and that the magnetic
poles are at longitudes of about 20 degrees and 200 degrees in
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System III. They suggest that the tilt of the magnetic axis causes
variations in the measured radio intensity with rotation of Jupiter
both because of the change of polarization with respect to the
antenna and becausc of the varying tilt of the plane of maximum
radiation at the magnetic equator toward or away from the earth,
and that the latter cause may account for the dependence on rota-
tion found in the 21 em observations of McClain, Nichols, and
Waak made in 1959. Recent 21 cm observations made at NRL by
Miller and Gary using conventional single-antenna techniques
appear to confirm the polarization of the radiation and the tilt of
the magnetic axis.

DECIMETER RA{1ATION OF JUPITER
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Several observers have reported what appear to be significant
changes in the decimeter emission of Jupiter with time, and some
of the observations are summarized in-Figure 5. The observed
emission at 10.3 cm according to Sloanaker and Boland ; at 21 cm
according to McClain, Nichols, and Waak ; and at 68 cm according
to Drake and Hvatum apparently decreased greatly during 19569.
Elsmore and Long confirm a low level of emission at 74 em in
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March 1960 by their inability to detect Jupiter. The intensities
measured by Morris and Berge at 22 em and 31 cm in 1961, and by
Miller and Gary at 21 cm in 1961 suggest a level of emission near
that in 1959, when it is taken into account that the earlier obser-
vations, with the exception of those at 68 cm, were taken with a
North-South polarization which is unfavorable for the polarized
component. The observations in 1981 were made with adjustable
polarization and indicate the amount by which the measured
intensity can be changed by changes of the antenna polarization.
It seems unlikely that changes in the polarization of the Jupiter
radiation with respect to the antenna can explain the large apparent
decrease in emission at 10 cm, although there is more uncertainty
at 68 cm where the Faraday rotation in the earth’s ionosphere
may be important.

These observations leave the question of the variability of the
decimeter emission of Jupiter in an unsatisfactory state, but the
interesting new results of Roberts and Huguenin of the Harvard
Obhservatory which will be reported at this meeting provide addi-
tional information on variability and suggest a possible connection
between the radiating particles and the sun.

To skip now to the intense, sporadic decameter radiation
of Jupiter which was discovered by Burke and Franklin in 1955, the
observations now extend over a period of more than ten years
including pre-detection observations, and have established that the
active source regions are stable and rotate with a steady period
which is about 11 seconds shorter than the System II period. It has
been suggested that the radio sources may be connected with the
solid body of Jupiter or with the magnetic field ; for example,
J. W. Warwick has proposed that the radiation is generated by the
precipitation of particles mto an auroral zone of Jupiter.

It is interesting that the low frequency end of the observed
spectrum has decreased along with the decrease of the ionospheric
cutoff frequency as the solar activity minimum approaches so that
this radiation is not restricted to such a narrow frequency range as
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previously supposed. There have been many interesting and signi-
ficant results of the recent intensive work on the low frequency
radiation of Jupiter which I believe will be covered at this sympo-
sium. Attempts to identify similar low frequency outbursts from
other planets have produced negative or inconclusive results.
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The recent results for both the decimeter and decameter
radiation of Jupiter have brightened the prospects for under-
standing Jupiter as a source of radio waves and in so doing to
gain valuable physical information about the planet and its sur-
roundings. There is hope that the thermal radiation of Jupiter,
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which has been all but forgotten in the excitement over the more
prominent non-thermal radiation, can be identified and can provide
additional physical information about the atmosphere of Jupiter.

In closing, it may be of general interest to see where the planets
fit in with the other discrete sources of radio emission. The general
relationship of the predicted thermal intensities of the planets at
closest approach and the measured intensities at different wave-
lengths to the spectra of the quiet sun, Cassiopeia-A, and a typical
radio souroe are illustrated in Figure 8. The cross-hatched region is
a crude indication of the low frequency sporadic radiation of
Jupiter.

111



A. GENERAL PAPERS



9. — A NEW PROGRAM OF PLANETARY PHOTOGRAPHY

D. H. MENZEL
Harvard College Observatory
Cambridge 38, Mass.,, U. S. A.

Harvard College Observatory, under NASA sponsorship, has
initiated a three-year program for multicolor photometry of the
Moon, Mars, Venus, and other planets. The studies are being under-
taken with a new 16-inch Cassegrain reflector at Boyden Obser-
vatory in South Africa and with the 12-inch reflector at the Le
Houga Observatory in Southern Franoe. Observations started
July 1 at the Le Houga Observatory and are scheduled to start at
the Boyden Observatory in early August.

The photometer used for the project contains a number of
spacial features. Dr. Harold Johnson designed it for us. The photo-
meter permits measures in thirteen spectral regions from 3200 A to
more than 1 micron. The two photocells are of the « end-on » type,
a Farnsworth IR 118 tube and an EMI tube. The photocells are
cooled with dry ice. A rapid switching arrangement simplifies the
operation. The 13 filters are held in a rotating disk. We have selected
about three dozen comparison stars, some of zero color index, some
of index -+ 1, and others of solar type, scattered along the ecliptic.
A special lens gives an image of the moon on a scale roughly
matching that of the planets.

Dr. Gerard de Vaucouleurs has been a consultant and colla-
borator in the project. Dr. Andrew Young has been actively in
charge of the instrumental and observing program.

Perhaps I should note that our original plans included measures
of polarization as well as of brightness, but this refinement has
unfortunately proved impossible at this time.

This research is sponsored by the National Aeronautics and
Space Administration under NASA Grant NsG89-60 with Harvard
University.
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10. — THE WAVELENGTH DEPENDENCE OF
POLARIZATION OF PLANETARY ATMOSPHERESR

TromMas GEHRELS
University of Arizona, U. S. A.

The polarization of the Jupiter poles, discovered by Lyot in
1922, was observed with six filters, 3250 — 9900 A. The observa-
tions were made, in April 1960 with the McDonald 82-inch reflector,
on regions of 4 seconds-of-arc in diameter. Strong wavelength
dependence is found. The polarization of the total disc of Venus
was observed over the 30° — 1500 range of phase, 1959-1961, and
strong waveler gth and phase dependence is found. A description
of the program, of the instrumentation, and of preliminary results
(also for Mars, the moon. and the blue sky) will be published
shortly (Gehrels and Teska 1963).

REFERENCES
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11. — THE RED BANDS OF CH, AND THEIR POSSIBLE
IMPORTANCE IN THE SPECTRA OF THE MAJOR PLANETS

G. HERZBERG sand J. W. C. JOHNS
Division of Pure Physice
National Research Council

Oitawa, Canada

The main features of the spectra of the outer planets are very
well understood as being due to CH, and NH ;. There are, however,
some minor features like the Kuiper bands of Uranus (Kuiper 1949)
which have not yet been satisfactorily explained. In addition, it
appears probable that, as higher resolution is applied to these
spectra, additional fine line features will be observed. Recently
Kiess, Corliss and Kiess (1961), by using somewhat higher reso-
lution than previously available, have established the presence of
the quadrupole lines of H, in the spectrum of Jupiter, and Spinrad
and Miinch (1962) in this symposium report two such lines in the
spectrum of Saturn. Previous to these observations, H, had been
established as a major constituent only in Uranus by its pressure
induced line at 8270 A (Herzberg 1952). The importance' of high
resolution for the observation of fine weak lines cannot be over-
emphasized. As an example. it may be mentioned that recently
Rank, Rao, Slomba, Sitaram and Wiggins (1962) observed in the
laboratory the quadrupole lines of H, with less than one-tenth
tha path length used in the original work of Herzberg (1950)
because they had available a much higher resolution. Since higher
resolution will undoubtedly become available for the spectra of
the outer planets, it may be of interest to consider some other
spectra that may reasonably be expected, given that the main
constituents are Hy,, CH, and NH,.

As in the earth’s atmosphere, many photochemical reactions
must take place in the upper layers of the atmospheres of the major
planets. Two primary reactions are clearly

CH,+h—->CH; + H (1)
NH, +w—->NH, + H (2)
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The first reaction requires light of a wavelength less than 1450 A,
the second less then 2100 A. The lifetimes of the radicals CH, and
NH, formed in this way depend greatly on the physical and chemi-
cal conditions of the atmosphere. In view of the uncertainty of the
lifetime, it is impossible to predict what the concentration of CH,
and NH, might be, but some small concentration must exist. The
absorption spectrum of NH, is well known, thanks to the work of
Dressler and Ramsay (1959). It consists of a large number of very
fine lines lying in a convenient region (8000 — 5000 A). The most
prominent lines have been listed by Ramsay (1957) in a contribution
to a previous Liége colloquium, but no evidence for NH, in the
spectra of the major planets has yet been found.

The absorption spectrum of CH, is also well known (Herzberg
1961), but the first known absorption lies at 2160 A, and its detec-
tion in the major planets will have to await observations from
outside the earth’s atmosphere. However, the 2160 A CH, band is
diffuse, indicating that nearly every light quantum absorbed by
CH, leads to its dissociavion according to

and thus to the formation of CH,. This radical may also be formed
directly by the photodissociation of CH, according to the reaction

CH, + kv~ CH, + H, (4)

In addition, there may be various secondary reactions that lead
to the formation of CH,.

Recent work in our laboratory has established the existence
of two modifications of CH, : linear CH, with a 3Z; ground state,
and bent CH, with a 'A, ground state (Herzberg 1961). Of the two
modifications, the first has slightly lower energy. The known
absorption spectrum of linear CH; lies entirely in the vacuum
ultraviolet, but a strong absorption of bent CH, lies in the red and
yellow region of the spectrum (9000 — 5000 A). It is similar in
character to the NH, absorption, consisting of a large number of
sharp lines.
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The primary dissociation (4) of CH, can only yield singlet
{bent) CH, on account of the spin conservation rule, since both
CH, and H, are in singlet states. The predissociation of CH,, as far
as spin conservation is concerned, could give either triplet or
singlet CH,. However, the upper state of the 2160 A band of CH,
is & *A] state, and the state causing the predissociation must also
be of this type. A *A; state cannot arise from *X; 4 1S, but can
arise from 'A, - ?S. We therefore conclude that the predissociation
of CH, also leads in the primary process to singlet (bent) CH,.

Bent CH, is transformed by collisions into linear CH,, but
according to laboratory experiments, this transformation is conside-
rably slowed down at low temperatures. Again it is impossible to
estimate the lifetime of CH , under the conditions of the atmospheres
of the outer planets and therefore to estimate the stationary concen-
tration.

Extensive spectra of CH, in the visible and near infra-red
regions were obtained by the flash photolysis of diazomethane
(CH,N,) mixed with N, in the ratio 1 : 100 in an absorption tube
of 2 m length, through which, by means of a White mirror system,
the light from the source of continuous background was passed
24 times, that is, the aLsorbing path was 48 m. The partial pressure
of CH,N, varied from 0.01 to 0.04 mm. Thus, even assuming that
all the CH,N, was decomposed giving CH,, and all the CH, formed
was present at the same time, its partial pressure was less than
0.04 mm. Probably it was less by a factor of the order of 10. The
strongest lines appear fairly strongly with a path length of 2 m.
Therefore, it appears not unlikely that the CH, singlet absorption
could be observed in the major planets if sufficiently high resolution
is applied.

In Table 1 we present the wavelengths of all the stronger
lines measured in the region 5300 — 8700 A. The majority of these
lines, but not all, have been classified. The assignments are given in
the third and fourth columns of Table 1. A few lines that are weak
. on our spectrograms have been included because they involve
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TasrLE 1

Prominent Lines in the Red System of CH,

} | Excitation Energy
rir (A) I vy, Vo Vg Jk.E—JIKRE, | of Lower State above

; | : J=0incm™
5367.387 |w | 0, 14, 0 20—110 31
5375.520 | vs | 0, 14, 0 205211 ; $oi—41e 59, 170
5381.084 |m | 0, 14, 0 0go—110 31
5433488 'm | 0, 14, 0 ya—yy 170
5480714 {m | 0, 14, 0 2,0—330 208
5570.952 | ms | 0, 14, 0 4,—354 208
5629.819 |m ' 0, 13, 0 2,,—1o 18
5635718 . w | 0, 13, 0 1,040 0
5640.387 | mw . 0, 13, 0 1,—1g 18
5646.606 | ms | 0, 13, 0 31—30s 105
5647.933 | ms — — |
5666.048 | w — —
5674.651 | m — — i
5728755 | m | 0, 13, 0 5ya—4dqa 226
5739.622 {m | 0, 13, 0 30—20 98
5892.074 | ms ; 0,12, 0 4,,—3.s 132
5895.396 | w 0, 12, 0 2er—11e 31
5901.897 |m 0, 12, 0 Bo—b,¢ - 340
6905.272 | g 0, 12, 0 20s—213 59
5905.460 | s | 0,12, 0 ypp— | 170
5012.236  ms 0, 12, 0 00o—140 . 31
5930.625 'm | 0, 12, 0 2,:—31s i 132
5931444 |m | — — l
5952.575 | ms | 0, 12, 0 40—51e ‘ 304
5956.558 i m ! 0, 12, 0 250—1,0 i 31
6020.216 |m | 0, 12, 0 2,0—340 | 208
6030.312 | ms | 0, 12, 0 Bu—4bas ; Bu—ty | 283, 284
6068.697 |m |1, 8 0 40,—41, ' 170
6123.992 | m — — !
6200.6586 |m | 0, 11, 0 4,30, ‘ 105
6210.214 ' ms 0, 11, 0 2,,—1 o 18
6216.098 | w | 0, 11, 0 1,0—000 0
6221.635 | vs (0, 11, 0 Ty —Tor 445
6223.207 | s 0,11, 0 P 18
6225.581 | vs | 0, 11, 0 3,—30s 105
6254.432 (m |0, 11, 0 1y—24 98
6264.760 {|m | 0, 11, 0 2,,—34, 158
6265.384 | m — —
6272.877 |m | 0, 11, 0 315—44 226
6202.620 | m | 0, 11, 0 43— bBqy 341
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Excitation Energy
Mir(d) | T | vy, va vy JRaE—IEaKe of Lower State above
J=0(em™)
6307.687 | m 0,11, 0 351—2y; 98
6310.896 |m | 0, 11, 0 T1—84 672
6312079 m — —_—
6405.003 ! m — —
6411847 {m |0, 11, 0 3y—4a 356
6515.312 | ms | 0, 10, 0 4o—34s 132
6522.062 | m — —_
6631.684 | vs | 0, 10, 0 2oi—211r 40— 59, 170
6539.562 | m 0, 10, 0 000—1;0 31
6540.375 | m 0,11, 0 33—21s 59
6548.206 | 8 — —_
6562.714 | ms | 0, 10, 0 20—31s 132
6589.360 | ms | 0, 10, 0 40—5ys 304
6616.661 | m (1, 6, 0) 33215 59
6626.916 | m (1, 6, 0) 2,0—1;4 31
6627.083 | m 0, 10, 0 2,6—330 208
6631.597 | ms —_ —_
6749.379 | m — —_
6857.759 |m | 1,5, 0 1,,—14, 18
6950.827 | m — —_
6951.431 | m ; 0,90 3,.—30 105
6985.120 | m | 0, 10, 0 b5y—43 283
7009.377 | ms ' 0, 9, 0 3524, 98
7010424 |ms [ 0, 9, 0 3144 226
7034406 |m | 0, 9, 0 4,,—5,, 340
7218983 |m | 1,4, 0 2e—lio; Bes—tus 31, 210
7233.750 |m | 1,4, 0 20—21s 59
7236075 |lm |1, 4,0 do—41 170
7242045 |m 10, 9, 0 [ 226
7250.843 |{m | 0, 9, 0 4,,—3,, 3 158
72564.253 |m | 0, 9, 0 3,—2a, 98
7204.671 {ms | 0, 8, 0 40—3,s 132
7300.8256 | mw | O, 8, 0 24—110 31
7315.233 ' ms | 0, 8, 0 1,—1,, fec—tye: 18, 170
7315934 [ ms | 0, 8, 0 242105 la—11 59, 18
7322.412 | 8 _— — :
7325809 |m | 0,8, 0 00i—1y0 l 31
7327.994 | s —_ — |
7338.699 | m — - i
7354.913 | ms | O, 8, 0 24—31s i 132
73902.3¢1 | ms | 0, 9, O 3,—4q, 356
7595.215 | 8 — — !
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] Excitation Energy

Mir(A) 0 T | vy vy vy Tk, VKoK, ! of Lower State above
! J=0(cm™)
7506.410 | s - —_ :
7689.351 | s 0,70 2y—1g ; 18
7696.051 |w |0, 7,0 o ! 0
7705.775 | 8 0,170 3,—30s | 105
7707.925 |m 0,7, 0 ly—le ‘ 18
7714.283 | 8 — — @
7755.920 | mw | 0, 7, 0 1,,—24, 1 98
7760.128 | m — — ,
7773.222 'm | 0,7, 0 2,1-341 ; 158
7786.305 | m - — ;
7864.537 | ms — — '
7887457 |s | — — ;
7892.505 | ms | 0, 8, 0 Se—4a i 283
7896.248 | s 0, 8, 0 4330 | 208
7904.164 'm ' (1, 3, 0) 3,30 ; 105
7911032 | mw ; (1, 3, 0) Ly—1le r 18
8053.920 : mw ' (1, 2, 0) doi—41e 170
8110.083 ' m ; 0, 8, 0 40—550 ! 542
8166.041 ' ms : 0, 6, 0 4e—31s 132
$166.388 . ms 0, 6, 0 Ber—41s 209
8171.187 . w 0,8, 0 20—110 31
8178.079 m . 0,7, 0 3,—2s 98
8190.071 | vs |0, 6, 0 20—21 59
8191742 ' vs ' 0, 6, 0 do—b1e 170
8202355 '8 0,60 04s—1,0 31
8210.248 | 8 0,6,0 lo—211 70
8238.993 | 8 ! 0, 6, 0 240310 ; 132
8282.603 , ms | 0, 6, 0 4e—514 304
8354.066 |m ! 0,7, 0 35—4a 356
8378.845 |m | — —
8490.888 | mw | 0, 6, 0 35—21s 59
8503.430 | mw 0, 6, 0 4,—3,, : 132
8515352 'm | 0,6, 0 2,0—1,0 ' 31
8519.547 ‘m | — —
8531-339 | m '0, 6,0 y— 170
8535.841 |m | 0,6, 0 24—21a 59
8541.880 ! m ‘ — —
8552.541 | W ‘ 0,8 0 3,—31s ; 132
8569.865 , mw ' 0, 6, 0 Ba—51e %
8646.034 |m | 0,6, 0 25—340 208
8690.121 [ s , — -

Note : Vibrational assigments in parentheses have not been confirmed.
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the lowest rotational levels of the ground state, and may therefore
be more prominent at very low temperature.

In the last column of Table 1 is given the energy (in cm-!)
of the lower state above the J = 0 state for all the assigned lines.
This may serve as a guide for the relative intensities of the lines at
temperatures other than 300°K, at which our spectrograms were
taken. A second absorption system of singlet CH, occurs near
3400 A ; but since it is very much weaker than the red system,
we need not consider it here.

The width of the CH, lines in our experiments is determined
entirely by the Doppler effect, which under our laboratory condi-
tions was about 0.02 A (at 6000 A). It was always smaller than
the instrumental width, the actually attained resolving power
being 70,000. Only if it were possible to obtain planetary spectra
with a resolution surpassing that of our laboratory spectra could
one reach the detection limit of CH, (and similarly NH,). It is
unlikely that this limit would be made less favourable because of
turbulence or high temperature in the upper atmospheric layers
in which CH, is produced.

The weak absorption band at 7500 A observed by Kuiper in the
spectra of Uranus and Neptune, does not coincide with any of the
CH, features. As shown by Table 1, there are no strong features
between 7392 and 7595 A, but even for the weaker features not
listed in Table 1 there is no agreement. Kuiper’s band therefore
remains unidentified. It does not seem entirely impossible that it
may yet be due to CH, even though laburatory spectra with long
paths do not show it. The weak features in planetary spectra
correspond to much greater absorbing depths in the atmosphere
than the stronger features, as has recently been again demonstra-
ted by Spinrad (1962) in the spectrum of Venus. On the other
hand, it must be emphasized that the structure of Kuiper’s band
with a spacing of 50 cm—! of the principal features, does not fit
well with the assumption that it is due to CH,.

In view of the strong occurrence of CH and CH* in cometary
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spectra, it is probable that the CH; bands here under discussion
will occur in comets. However, a preliminary search by Swings
(unpublished) has not led to any definite identification.

Even if there were no collisions, CH, molecules in the lower
A, state of the red bands would eventually go over by radiative
transitions to the *Z; ground state (in which the molecule is linear).
To be sure, this transition is not only forbidden by the spin conser-
vation rule, which is fairly strict for such a light molecule, but in
addition, there is in all probability a considerable potential barrier
between the bent and the linear state. Nevertheless, one must
assume that all CH, molecules present in the interstellar medium
are in the real ground state (3X;) and that therefore the lincs with
lower state J = 0 of Table 1, will not be found in interstellar absorp-
tion. In the interstellar medium, CH, is therefore only detectible by
the strong absorption at 1415 A, which will become accessible
when satellite observatories start operating.

We are greatly indebted to Dr. A. E. Douglas for a critical
reading of this manuscript.
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12. — SPECTRAL ENERGY DISTRIBUTIONS OF
THE MAJOR PLANETS

Rosertr L. YOUNKIN
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California, U.S. A,

and

Gumo MUNCH
California Institute of Technology
Pasadena, California, U. S. A.

1. INTRODUCTION

Color photometry of the major planets, particularly Jupiter
and Saturn, has been carried out by a number of authors during
the last thirty-five years. The bulk of the work has been photo-
graphic, with some photoelectric measurements in recent years.

The nature of the eneryy distribution curve of the planets may
be determined in a general way from such measurements. However
the filter band passes used have been many hundreds of Angstroms
wide, and the curves obtained consist of points separated by one
thousand Angstroms or more.

The logical extension of these measurements is to repeat them
with greatly improved spectral resolution. Such a program is being
carried out at the Mt. Wilson and Palomar Observatories with a
scanning monochromator. A nominal resolution of ten Angstroms
in the second order may be obtained with this instrument. This
program does not include measurement of the absolute value of the
energy, but rather of the relative energy per unit wavelength inter-
val as a function of wavelength.

Preliminary results of the program will be presented here.

126



2. INSTRUMENTATION

The procedure for obtaining and recording the spectral scans
is given in Figure 1.

Synchronous \
Motor |
RUUE S e
Scanning co Cooled . Strip Chart
% =~ 2 Amplsfi
Telcscope Moncchrometer 'P'.ofomumpl D.C. Amplifier l Recorder

L AtoD Paper Tape 1BM
- Converter Punch 7090

i Synchronous
Motor

Fig. 1. — Block Diagram of the Instrumentation

The original measurements were made in 1961 with an
existing system consisting of the boxes on the first horizontal line.
The raw data then consisted of curves on the strip chart recorder.
To increase the accuracy of the measuremel.. 3 as well as speed the
data reduction, the second row of boxes was added for measure-
ments subsequent to May 1962. The digital information now serves
a8 the primary data source, with the strip chart recorder used only
as an immediate check on the data at the time of observation.

All measurements to date have been carried out using the
60-inch telescope at Mt. Wilson. The scanning monochromator
used is the Mt. Wilson scanner developed by Code. This is an Ebert
monochromator, used with a 600 1/mm, grating blazed for maximum
energy at about A 4000 in the second order.

The spectrum is scanned in two sections. An RCA 1P21 is
used to scan from A 3300 to A 5200 in the second order. An RCA 7265
is used to scan from A 4800 to A 8000 in the first order. Both photo-
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multipliers are cooled to dry ice temperature, but mounted in
separate cold boxes so it is not feasible to change rapidly from one
to the other. In practice the two spectral regions are usually
scanned on different nights.

The D. C. amplifier is a General Radio Model 1230 A, and the
strip chart recorder a Brown instrument, with a one-second time
constant.

The analogue to digital converter for the modified data
recording system is a Packard-Bell Model M1. This obtains a
binary reading of the voltage, which is punched on the paper tape
by a Teletype Model DRPE-2.

The A to D converter has an acouracy of one part in athousand,
full scale, and the sampling rate is currently limited by the tape
punch. The spectrum is usually scanned at a rate of 200 A /minute
for the second order, and double this for the first. The digital readout
is obtained at a nominal rate of one per Angstrom. The sampling
rate is controlled by a synchronous motor as is the grating drive of
the monochromator. This has eliminated & small unocertainty in
wavelength which was previously present when it was necessary to
assume uniformity of the chart drive speed.

3. ExAMPLES OF PLANETARY ScaANs

A scan of Jupiter with the 1P21 is shown in Figure 2. At the
discontinuity in wavelength, a gain change occurs. A filter to
block third order UV was removed near A 4400.

A scan of Jupiter with the 7265 is shown in Figure 3. The cut-off
on the short wavelength side is due to a filter to block second
order UV.

In both Figures the wavelength scale is approximate. This
scanner does not have a sine drive so the wavelength scale is non-
linear.
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Fig. 3. — First Order Scan of Jupiter

4. REDUOCTION OF DaTA

No provision has been made to carry out an absolute cali-
bration to determine the color sensitivity of the telescope-photo-
multiplier system. Instead, the star « Lyr has been adopted here

128



.

as a primary standard. The energy distribution of this star has
been determined relative to laboratory black-body sources by
several authors. The mean curve of Code (}) has been adopted for
these calculations, with the modification of Oke (*) near the
Balmer limit.

Oke (%), using the same scanner used here on the planets, has
determined the energy distribution relative to « Lyr of six other
stars of spectral classes B7 to A0 for the spectral range A 3390 to
A 5882. This group of stars has recently been enlarged to twelve,
and the wavelength range extended to A 11000. They have been
used as secondary standards for the major planet program.

These standards have relatively smooth continua, except
for hydrogen absorption. To determine the color response of this
system, on nights that the planets are scanned, scans are also
made of « Lyr and the secondary standard closest to each planet.
A smooth curve is then drawn across the hydrogen lines of the
standards, except in the region A 4000 down to the Balmer limit.
Here the Balmer lines are crowded so close together it is not possible
to determine the continuum level. For this region a smooth
curve is drawn for the difference (0 Lyrcy, — @ Lyry, ) or
(sm:)ke - St"m;w.)-

It is planned to reduce the data for each planet against this
secondary standard. The measurements by Oke of the secondary
standards are still in progress, so the curves at the end of this
paper have been obtained by the use of « Lyr only. This procedure
will of course neglect possible spacial inhomogeneities in the atmos-
phere.

For removal of the atmospheric extinction from the measured
ocurves, an extinction o1 che following form has been assumed

exp [— (Aq + Ay X4 se0 2 — A, (V)]
where A, (\) is extinction due to absorption bands which may
exhibit a curve of growth. It has been assumed the product of A,
times the change in sec z is small compared to the Rayleigh term.
The Rayleigh extinction has been removed by means of a standard
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Rayleigh atmosphere. The ooefficient A, has been determined
experimentally at Mt. Wilson by Oke (3).

Extinction due to telluric absorption has been removed for
the A 6870, A 7200, and A 7600 O, bands. Where these bands are
clearly defined in the planetary scan, they are removed by drawing
a smooth curve across the band. For those cases where absorption
in the planetary atmosphere obliterates the shape of the O, band,
correction is made by interpolation to the proper air mass from a
curve of absorption vs. air mass for those planets and stars for
which the shape of the band is clearly defined.

5. SPECTRAL ENERGY DISTRIBUTIONS OF THE MAJOR PLANETS

Measurements of the spectral energy distributions are still in
progress. Nevertheless, in the complete absence of any such « high »
resolution data in the literature, examples of the reduced curves
will be presented here. These may be considered as provisional
energy distributions. The 7090 program is not yet completed, so
these curves have been obtained by planimetering the data in
100 Angstrom intervals between wavelengths of even hundred
Angstroms. .

The curve for each planet is obtained by fitting together the
first and second order curves, which overlap from A 4800 to A 5200.

Figure 4 gives the energy distribution for Jupiter, and Figure 5
for Saturn. In the case of Jupiter the slit covered an area near the
center of the image of the planet, for Saturn, half way between
the inside edge of the ring in front of the planet, and the upper
edge of the planet.

The large dip in these curves with minimum at A 7200-A 7300
is methane absorption, as is the smaller one from A 6100-) 6300. It
may be seen from these points that methane absorption is greater
for Saturn, in accordance with the finding of previous authors.

The relative maximum for Jupiter ocours over the region
A 5500 to A 6100 and for Saturn, A 6600 to A 6500. These are in oon-
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trast with the solar energy distribution which exhibits a maximum
from A 4500 to A 4900.

Detailed comparison of the energy distributions is difficult
unless the two curves agree over a substantial region of the
spectrum. The curves for Jupiter and Saturn do not. It does appear
however that Saturn’s energy falls off more rapidly shortward of
at least A 4900, followed by the unique minimum near A 3850.
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Figure 6 gives the energy distribution for Uranus and Figure 7
for Neptune. For these two planets slitlees spectroscopy of the
whole disk was used.

For Neptune and to a lesser degree Uranus, in order to reoeive
sufficient energy on the photomultiplier at the resolutions used, it
is necessary to increase the amplifier gain to a point where dark
ocurrent pulses become troublesome. The Neptune curve has there-
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fore been out-off at A 7000 and Uranus at A 7800 pending further
analysis of the data.

For these two planets, longward of approximately A 5000 the
spectra are dominated by & continuous series of methane bands
which make it impossible to determine the true continuum level
with this resolution.

Comparison of the energy distributions of the four planets
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shows the great similarity between Uranus and Neptune, and
between Jupiter and Saturn, compared to differences between the
two groups. This is exhibited particularly by the methane domi-
nance mentioned above and to a leaser degree by the slope in the
blue and UV region. In this latter region the Uranus and Neptune
curves are very similar while Jupiter and Saturn both show mar-
kedly greater slopes although differing somewhat.

8. PLANETARY REFLECTIVITIES

It is not possible to make direct measurements of the solar
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spectrum with this instrument. Instead, a standard solar curve
has been adopted from the work of other observers.

The most extensive work on the solar energy distribution was
done by observers at the Smithsonian Institution. Their results
were slightly modified by Johnson () and his values were used here
from A 4100 to A 8000. Below A 4000 the solar absorptions cause
greater local fluctuations in the energy distribution curve. However
the Smithsonian resolution was considerably less than that used
here and in this region Johnson’s values do not smooth out the
fluctuations in the planetary values.

Dunkelman and Soolnik (}) have recently remeasured the
solar spectral irradiance to A 6500. Their resolution more nearly
approximates that used here, although still somewhat less. Their
integrated ourve compares closely with the Smithsonian data.
Their values have been fitted to the Smithsonian data and are used
for A < 4100 A.

Planetary reflectivities have been calculated with the use of
this composite solar curve and are shown in Figures 4-7. This net
effect is to raise both ends of the curves and to smooth out regions
where there are no planetary absorptions. The energy of all four
planets still falls off steadily toward the UV, Jupiter and Saturn
from maxima which now have moved out to A 8750.

7. CONCLUDING REMARKS

A formal averaging process of the reduced curves for a given
planet has been reserved for a later publication primarily because
certain refinements in the instrumentation are still being made
which will decrease the probable errors. In general the curves
reduced to date repeat quite well and it is anticipated that changes
from these provisional curves will be small, less than Am = 41 0.03
in local regions. Modifications between UV regions and curve
maxims may exceed this because of the standard atmosphere
assumed to date.
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13. — HYDROGEN AND HELIUM RESONANCE
RADIATION FROM THE PLANETS

Joax C. BRANDT

Berkeley Astronomical Department
University of California, U. S. A.

1. VENUS AND MAaRrs

The diffuse Lyman-« radiation in the night sky discovered by
Kupperian, Byram, Chubb, and Friedman (1958, 1959) has been
interpreted as solar Lyman-a radiation scattered by a cloud of
terrestrial hydrogen (Brandt 1961 a, b). It is natural, then, to
inquire about the possibility of similar hydiogen (and helium)
emissions from other planets such as Venus and Mars. As on the
earth, the existence of appreciable amounts of neutral hydrogen on
Venus and Mars depends on a production process ; we assume that
the process is the same as in the terrestrial atmosphere, namely,
the photodissociation of water vapor. Since the amount of water in
these planetary atmospheres may be relatively small compared to
the amount in the terrestrial atmosphere, the relative amount of
neutral hydrogen may also be smaller (see Kellogg and Sagan, 1961).

An observer looking down on the day side of the earth would
see the diffuse reflection of solar Lyman-a from a conservative, iso-
tropic scattering atmosphere of approximately unit opacity. The
emission rate is given by ( Chandrasekhar 1960, p. 211 and p. 218).

4x1, (0, p) = (nF,) “—i“

” [X*() X*¥(wo) — Y*(1) Y*ro)l, (1)
0

where the notation is standard and the functions X*(u) and Y*(u)
have been tabulated (Chandrasekhar and Elbert 1952). To obtain
the total line intensity, one then integrates equation (1) over the
full Doppler width of the atmosphere (taken as due to a temperature
of 300-400°K for the earth).

We adopt a flux in Lyman-« of 8 ergs/cm?-sec and & width of
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1A (Purcell and Tousey 1860). The day emission rate for the earth
then becomes

arlg (A 1215) ~ 10 kR. (2)

One rayleigh(R) ocorresponds to an app rent emission rate of
4rl = 10* photons/om?®-se¢ (column). By simply scaling the inci-
dent solar flux, we may compute upper limits to the day intensity
of diffuse Lyman-« on Venus and Mars. These values are

arlg (\215) S 25 kR, (3)
and

anls (\1215) S 5 kR. (4)

Observations of the day intensity of diffuse Lyman-« radiation
from close approachee oould yield valuable information conocerning
the abundance of hydrogen, the scale height and the temperature
in the outer layers, the abundance and photochemistry of water
vapor, and the rate of escape of planetary atmosphere (see also
Chamberlain 1961).

The day problem for reflection of A584 by neutral helium in
the terrestrial atmosphere has been treated (Brandt 1961c). The
terrestrial atmosphere is thought to be optically thick over the
full Doppler width of the atmosphere. The intensity is given by
(Chandrasekhar 1960, p. 124)

4nl, = (=F,) - o
p+

H(w) H (uo), (8)
to

where the H-functions have been tabulated (Chandrasekhar 1960,
P- 125). We adopt the same parameters as before (Brandt 196lc)
to obtain

4rlg (A584) ~ 1000 R. (6)
When the fluxes are changed for Mars and Venus, we find

4l g (\584) < 400 R, )
and

4rl, (A584) ~ 2000 R. (8)

The scaling receives some justification from the fact that the
densities of the earth, Mars, and Venus are similar, and because
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helium is produced in the earth’s crust by the radioactive decay of
thorium and uranium. The inequality has been placed in equation(7)
a8 Mars has a mass approximately 1/10 that of the earth. There is
some expectation that Mars has undergone less geological differen-
tiation than the Earth, that less crustal concentration of U and Th
has occured, and that, consequently, the abundanoce of radiogenic
He is smaller on Mars (Sagan, 1962 a).

Observations of the A584 radiation from Mars and Venus could
yield valuable information concerning the composition of the crust
and rate of escape of helium in addition to the abundance and
scale height of helium. The expected terrestrial day intensity of
2304 is small (Brandt 1961c¢), and we will not consider this line here.

2. JUPITER AND SATURN

In a recent study, Zabriskie (1962) has determined the column
density of molecular hydrogen above the cloud tops in the Jovian
atmosphere and finds N(H,) = 1.25 x 10%/cm3$. This value and
the appropriate cross section for Rayleigh scattering by H, (e. g.,
Vardya 1962) give an opacity above the cloud tops of about 5 at
A1215. Thus, there is the possibility that the far ultraviolet spectrum
of Jupiter may be largely the solar spectrum diffusely reflected by
a conservative, Rayleigh scattering atmosphere (which we a; pro-
ximate as scattering according to Rayleigh’s phase function,
() = 3/4 (1 + cos? @), where O is the scattering angle).

For observations of Jupiter at opposition from the earth,
B = g @ = @o, and the diffusely reflected intensity from a con-
servative atmosphere scattering on Rayleigh’s phase function can
be written (Chandrasekhar 1960, p. 143) as

4xl

ﬁg = 3/16 {1/34* () + 8/39* (1) ®)
— [20 (1 — W HOG@] + (1 — ) HO @)
= R(u).
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The functions §(u), p(w), 2u(1 — p®)*# H® (1), and (1 — p*) HO ()
have been tabulated by Chandrasekhar (1960, p. 145, Table XXI).
The flux from an atmosphere scattering on Rayleigh’s phase funo-
tion is readily calculated and is

o) = 7o (1 fo " uR () (10)

Here r is the radius of the planet under observation and d is the
distance. The integral in equation (10) has the value 1.37.

The only observations available to test the hypothesis of Ray-
leigh scattering are the observations of Boggess and Dunkelman
(1959). These rocket observations at 2700A give a flux from Jupiter
of 1.65 x 10~7 ergs/cm?*-sec-100A. The same quantity can be
calculated from equation (10) with the aid of known solar fluxes
(Hinteregger 1961) and we obtain 8.2 X 10~7 ergs/cm?-sec-100A.
Thus, the observed flux is about 20 percent of the computed flux,
and hence, an absorbing prooess must be important at 2700 A.
This behavior is roughly consistent with ground based photometry
(Harris 1961). The fact that only 20 percent of the « expected » flux
at 2700A is observed should not be surpriging. The atmosphere is
far from optically thick in Rayleigh scattering by H, above the
cloud tops as the opacity is only 1/6. Hence, the absorption could be
caused by constituents in the clouds. We note also that the obser-
vations at 270QA could be influenced by the dissociation continuum
of H,. On the basis of the ultraviolet photometry (23500, see Harris
1961) we would favor absorption in the clouds (see also, Sagan,
1962b). Th